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I. SIMfART 


Studies of solar power satellite construction, operations, and mainte- 
nance have led to an understanding of the aanpoiier and time reipiired to con- 
struct a solar power satellite. Such a system would re<piire approximately 
600 workers in space together with orbital construction bases a^ equipisent. 
Results of these studies indicate that a satellite could be built in 6 months, 
nie rectifying antenna construction is typical of other Earth-based projects 
but can benefit from the application of specialised machinery. Maintenance 
of the entire solar power satellite system tMuld involve satellite refurbish- 
ment, primarily in the antenna; transportation of the refurbishment material 
and manpower to orbit; and a moderate aaiount of rectifying antenna component 
replacesient on the p'"Hmd. 

These studies have identified the following technology emphasis for solar 
power satellite construction and operations work which could be conducted on 
the ground: (a) sero-g and space vacuum simulations, (b) analytical modeling, 

and (c) automated construction equipment. This technology work will provide 
a basis for detailed definition of early orbital experiments, later syst«n- 
level flight projects, and a solar power satellite "demonstrator.” 
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II. mSODDCTlON 

This report is a stunary of the technical assesaaent activities on the 
solar power satellite (SPS) construction, operations, and aaintenance require- 
oents tdiich took place during the Department of Energy (DOE)/IIASA Concept De- 
velopnent and Evaluation Program (CDEP). It is one of a series of SPS CDEP 
technical sumsiary and assessment reports. The SPS reference configuration 
referred to herein is described in reference 1. 

The multicontractor concept development activity was conducted by the 
NASA Lyndon B. Johnson Space Center (JSC) and the NASA George C. Marshall 
Space Flight Center (MSFC) in concert with the Department of Energy. Utility 
interface rec.uirements were evaluated and are described herein. Alternative 
concepts for utility inte..faces, construction bases, and construction site 
locations are included. 

In compliance with the NASA's publication policy, the original units of 
measure have been converted to the equivalent value in the Syst^me Interna- 
tional d'Unit^s (SI). As an aid to the reader, the SI units are trritten 
first and the original units are tiritten parenthetically thereafter. 
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III. SniCE OONSTRDCTIOII 


PRECEDING PAGE BLANK NOT FILMED 


A. GD1DBLIIB8 

Two main guidelines were used in tihe space construction studies. 

1. Two 5-gigawatt SPS's would be built per year. 

2. Only materials derived from the Earth would be used. 

B. SPS COMSTRDCTIOS LOCATION 

Because of tiie size of the SPS structure, construction must take 
place in space. The absence of gravitational loads in space allows very 
lig^twei^t, low-density structures to be used. Also, constructing the low- 
density satellites in space penoits hi^-density payload packaging of mate- 
rials and thus minimizes the number of launches. 

Studies have shown that either low Earth orbit (LEO) or geosyn- 
chronous orbit (GED) construction is feasible. The GSD construction lo- 
cation is used in the reference systesu Construction of the satellite in GEO 
has several advantages. Gravity-gradient loads are two orders of magnitude 
lower than in LEO, aerodynamic drag loads are not significant, thermal ef- 
fects from passing throu^ the Earth's shadow are negligible, collision 
hazard from other satellites is low, and the construction sequence is sim- 
pler. Personnel logistics requirements and transportation costs for the 
construction base, on the other hand, are greater than in LEO, but the per- 
centage cost impact is not significant. 

Building the satellite as a complete unit in LEO for transport to 
GEO is not practical because of control requirements and loads to the struc- 
ture due to gravity-gradient torques. The most effective mode of construc- 
tion in LEO is to build the satellite in modules which have LEO-GEO transfer 
requirements sized to be compatible with the thruster requirements for the 
control of the SPS in GEO operation. The modules are then berthed together 
in GEO for final assembly. 

Construction in LEO offers a potential transportation cost saving 
by using a self-powered mode, in which output from the partly deployed SPS 
solar cells is used to power a LEO-to-GEO electric propulsion system which 
uses higb^dfi-ci^ency ion engines. Although cheadcal propulsion could be 
used, the use of an independent electric orbital transfer vehicle (EOTV) con- 
cept for GEO construction could eliminate any cost differential between LEO 
and GEO sites. Radiation degradation of the solar cells during transit of 
the Van Allen belts remains a technical issue. 

C. TASKS. EQUIPMENT. AND FACILITIES 

Several construction approaches were evaluated. Because of the 
large scale of the operation, a high degree of automation can limit the num- 
ber of personnel and reduce the total construction time. The personnel 
principally perform monitoring, repair, support, and other functions which 
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cannot be automated efficiently. The activities involved in one approach to 
SPS construction are shown in figure III-*1. 

Heavy lift launch vehicles deliver 400 tonnes of cargo to a LEO 
base at a rate of about 8 launches per weA» or 400 per year. Similarlyy per- 
sonnel launch vehicles take 75 to 80 crewmen from Barth to the LBO base 32 
times per year. Crew stay time for each trip is about 90 days. About 135 
crewmen would be stationed at the LEO base all the time to handle cargo. The 
LEO base also constructs several electric orbital transfer vehicles that carry 
SPS materials to GEO in unmanned trips lasting about 6 months. The LEO base 
also provides a staging depot for personnel and supplies for transfer to chon- 
ically powered personnel orbital transfer vehicles for a 6-hour Hohmann trans- 
fer to GEO. 

At GBOf the 6400- tonne construction base receives cargo from the 
electric orbital transfer vehicles and, with a crew of about 400 people, con- 
structs each 5-gigawatt SPS in 6 months. Of the 400 people, about 270 are 
involved directly in construction, which includes deploying the solar energy 
conversion system, assembling the antenna, installing various subsystems, 
maintaining construction equipment (beambuilders, qherrypickers, transporters, 
manipulators, etc.), and performing base logistics and testing. The remainder 
of the personnel provide base operations and support functions (lodging, food, 
health, communications, etc.). The GEO base also serves as a staging area for 
maintenance crews and systems that travel periodically to operational SPS*s, 
as well as a refurbishment center for disabled SPS components. The number of 
people required for the maintenance function varies with the number of SPS*s 
in service. About 380 people are needed to maintain 20 operational SPS*s. 

It is assumed that crewmen rotate about every 90 days. A 90-day 
space stay time is considered a reasonable compromise based on the psychologi- 
cal effects of remote confinement, the effect of zero g on the body, and radi- 
ation exposure limits. Radiation exposure considerations are based on lim- 
ited extravehicular activities and provision of **storm cellar** shielding for 
major solar events* For instance, with a high flux and nominal shielding, a 
quarterly maximum dose of 35 rem to blood-forming organs would be reached in 
about 90 days. 


1. CONSTRUCTION BASE CONCEPT; BOEING/GRUNHAN 

In the process of developing the concept for a construction 
base for the silicon solar cell SPS configuration, a number of alternative 
space construction concepts were evaluated. Conclusions derived from this 
work are summarized as follows. 

a. Two- and four-bay endbuilders provide higher production ca- 
pability for equivalent cost of single deck. 

b. Eight-bay-wide base is not cost effective for 6-month con- 
struction cycle. 
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c. Coupling solar array deployment with longitudinal beam fab- 
rication facilitates faster construction. 

d. Synchronised operation of multiple beambuilders can be im- 
plemented with state-of-the-art feedback control techniques. 

e. Aluminum solar array structure is feasible* 
a* Overview 

Several endbuilder construction concepts were developed by 
Grumman for direct comparison with a single-deck construction platform con- 
cept. These construction options are shown in figure III-2* 

Ground rules for preliminary analysis for both the platform 
type and endbuilder construction concepts were to use a common antenna con- 
struction facility and to constrain SPS final assembly and checkout to one 
satellite every 6 months. All options were evaluated in terms of cost^ per- 
formance, complexity, risk, etc* The eight-bay-wide endbuilder had the 
highest unit cost, and its production capability could not be fully used* 

The comparison of the multipass endbuilder and the single-deck platform 
concepts was nearly even* The four-bay endbuilder was selected, however, 
for additional definition work in Phase 2 because of its greater production 
rate growth capability. 

During Phase 1, Grumman also performed preliminary studies 
on the feasibility of using aluminum alloys for the basic solar array struc- 
ture of the SPS. Practical thermostructural design solutions were found for 
minimizing the effects of thermal transients on aluminum beams in orbit. An 
aluminum beam design, which can be fabricated in space for the SPS solar 
array structure, is shown in figure III-3. Preliminary analysis of several 
thermal design conditions indicates that the use of aluminum is feasible* 

The results of this analysis are compared with the baseline advanced composite 
SPS structure in the Phase 1 Final Report (NSS-SPS-B-RP008). 

In the Phase 2 study activity, the operational requirements 
of the SPS GEO base were analyzed and the facility concepts of the four-bay 
endbuilder were updated. The analysis of GEO base operations was used to de- 
rive requirements for base command and control, crew operations support, base 
flight attitude control, satellite construction, and intrabase logistic 
operations. The four-bay endbuilder was defined with contiguous construction 
facilities for concurrent assembly of the SPS energy conversion system and 
its microwave antenna as shown in figure III-4. A top-down analysis of satel- 
lite construction operations was focused on the structural fabrication and as- 
sembly techniques for the SPS energy conversion system, including its major 
subsystem installations. The SPS construction technology issues were 
identified and alternate solutions were addressed through all levels of the 
analysis. Figtire III-5, for example, illustrates the manner in which the 
solar array blankets might be temporarily anchored to the base so that they 
can be automatically deployed during longitudinal beam building operations. 

The illustration also shows two cherrypickers prepared to handle and connect 
opposite ends of a 667.3-meter solar array support beam to the SPS frame 
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after it emerges from the 12.7-meter beambuilder. The analysis of construc- 
tion operations also developed requirements for SPS interface assembly and 
antenna/energy conversion final system mating. 

The 6B0 base configuration has been amplified to include 
beambuilder substations and power bus dispenser stations in the solar collec- 
tor assembly facility and the yoke/rotary joint assembly facilities. The 
updated four-bay endbuilder configuration is shown in figure III-6 during ini- 
tial satellite construction. 

The top deck of the GEO base, level J, provides facilities 
for cargo docking/unloading and distribution, crew quarters and operations, 
orbital transfer vehicle docking and servicing, and SPS maintenance support. 
The base flight control and electrical power subsystem concepts are included 
in the updated base arrangement. 

A brief study was also performed to review and update the 
baseline 100-man crew habitat. Crew quarter design requirements were re- 
examined for internal crew module arrangements, GEO radiation protection, 
and environmental control/life support functions. Lastly, a concept for 
building the SPS GEO base was developed. 

The major conclusions derived from the Phase 2 study of SPS 
construction operations and the GEO base definition are sunmarized as 
follows. 


(1) GEO construction operations are feasible considering 

(a) Satellite assembly steps 

(b) Crew operations support 

(c) Major base subsystems 

(d) Intrabase logistics 

(e) GEO base buildup 

(2) Add-on SPS maintenance support facilities are feasible 
on GBO construction base. 

Satellite construction operations in GEO remain a feasible option for the SPS 
Program. Analyses of GEO base operations indicate that SPS maintenance sup- 
port facilities can be included on the base as needed. 

b, GEO Construction Base Design and Analysis 

The four-bay endbuilder construction base assembles the 5- 
gigawatt reference SPS entirely in geosynchronous orbit (fig. I1I-7). The 
eight-bay-wide satellite energy conversion system is constructed in two suc- 
cessive passes on one side of the base, while the microwave antenna is as- 
sembled on the other side of the base. On the first construction pass, the 
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GEO bace builds one-half of the energy conversion system) a 4-bay-wide strip 
by 16 bays long. When this part of the satellite has been constructed, the 
base is indexed back along the edge of the structure to the first endframe. 
During the second construction pass, the four-bay-wide strip is attached di- 
rectly to the assembled satellite systeias. At the end of the second pass, 
the base is indexed sideward to mate the antenna with the centerline of the 
energy conversion system. After final test and checkout (C/O), the base sepa- 
rates from the satellite and is transferred to the next orbital position for 
SPS construction. 

c. Satellite Construction Operations 

I 

The 5000-megawatt reference solar pnwer satellite is to be 
constructed entirely in GEO and is to be fully assembled in 6 months. The 
reference satellite has a single antenna located at one end of a large {Aioto- 
voltaic energy conversion system as shown in figure I1I-8. The 8- by 16-bay 
energy conversion system features a hexahedral braced structure, Ic Itudinal 
solar array (SA) blanket installation, and multiple power buses. The satel- 
lite construction approach includes the 2-pass longitudinal buildup of the 
energy conversion system and the 16-row lateral buildup of the power trans- 
mission antenna as defined in Boeing's Phase I final report (ref. 2). The 
GEO construction operation is to rely upon normal intravehicular-activity 
(IVA) assembly methods. A broad rai^e of technology issues must be ad- 
dressed to cover all aspects of the SPS construction process. As the ref- 
erence system matures, the satellite construction approach must be reex- 
amined for the energy conversion, power transmission, and interface systems. 

In addition, the struc' ural assembly methods should be well understood to 
the level of beam fabrication, handling, and joining. Techniques for in- 
stalling the major subsystems (i.e., solar arrays, buses, and subarrays) 
must be further developed, and the requirements for construction equipment 
need further refinement. In addition, the structural dynamic, thermody- 
namic, and control interactions between the base and the satellite should 
be investigated and defined. Other areas to be examined include methods 
for berthing or mating of large system elements, techniques for in-process 
inspection and repair, and concepts for implementing satellite final test and 
checkout. In the following subsections, the general construction approach is 
defined and the methods used to assemble, mate, and check out the satellite 
energy conversion system, power transmission system, and interface system ele- 
ments are described. 

(1) General Construction Approach 

The GEO base structure supports the emerging satellite 
during all phases of construction. The SPS energy conversion system is as- 
sembled during two successive passes by the L-shaped framework shown in fig- 
ure III-7. The width of this framework (3.44 kilometers) encompasses a 
five-bay segment of the energy conversion structure to provide a one-bay 
overlap for lateral and longitudinal indexing operations. The 700-meter-high 
open truss structure houses beam fabrication stations, solar blanket installa- 
tion equipment, bus installation mechanisms, crew facilities, docking, storage, 
intrabase transport, etc. The other leg of the facility (913 meters long) 
guides and supports the satellite until all systems are mated and checked out. 
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The antenna assembly platform, i^ich is located at the rear of the base, is 
arranged to facilitate the construction and attachment of the antenna and ro» 
tary joint interface. This open truss platform (2.74 by 1.65 kilometers) 
also supports the antenna/yoke assembly during the final lateral index and 
mating operations with the assembled g- by 16>bay energy conversion system. 

The framework provided for the rotary joint/yoke assembly facility and anten> 
na assembly facility is sufficient to house the required construction equip- 
ment as shown in figure III-6. 

(a) Construction analysis emphasis - Once the GEO 
base is built and operating in orbit, the construction of solar power satel- 
lites will become its primary mission function. Bach satellite is construc- 
ted and placed in the required orbital location by the GEO base. Hence, after 
each construction cycle, the base transfers to another orbital site, where 
it builds the next SFS. The base will also support operational satellite 
maintenance, when needed. 


The SFS construction operations were analysed 
from the top down, by defining the required steps at each level of the con- 
struction sequence. The top-level operations of the GEO base and a first- 
level breakdown of the construction operations flow are shown in figure III- 
9. Construction of the reference satellite system includes parallel assosbly 
of energy conversion, power transmission, and interface eleotents. When these 
system elementr are fully assembled, they are mated and integrated to form 
the complete solar power satellite. The construction cycle ends with final 
test and checkout of SFS systems. 

(b) Four-bay endbuilder time line - The SFS assembly 
operations commence with the construction of the energy conversion system, as 
shown in figure III- 10. Assembly of the energy conversion system is timed 
for simultaneous completion and mating with the interface system and power 
transmission system. The 3-gigawatt monolithic satellite is constructed and 
checked out in GEO in 6 months. 

The 4-bay endbuilder uses 2 passes to construct 
the 8- by 16-bay energy conversion system; each pass provides a 4- by 16-bay 
module which contains the appropriate subsystems (i.e., structure, solar 
blanket, power distribution and control, attitude control, etc.). The main 
power bus is installed during the first pass in parallel with the fabrication 
of continuous longitudinal beams. The second construction pass is somewhat 
shorter since one side of the structure is already built and therefore less 
vertical and diagonal support beams are required. The energy conversion as- 
sembly process can be accelerated, if necessary, by increasing the rate of 
continuous longitudinal beam fabrication. 

The interface system is constructed separately 
and then joined to the power transmission system. The satellite is fully 
assembled when these systems are mated with the energy conversion system. 

The overall construction sequence is illustrated in figure III-ll. 
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(e) Ground nil«e and aa sumptions - The Phase 2 SPS 
construction analysis is keyed to the 5-gigawatt reference satellite concept 
(i.e., silicon solar cells and a concentration ratio of 1.0) as defined in 
reference 2. The following list of ground rules and assumptions was devel- 
oped during Phase 1 and expanded during the Phase 2 analysis of energy con- 
version system assembly operations. 

[1] Construction of the solar power satellite is 
to be accomplished at GEO. 

[2] One 5-gigawatt satellite is to be assembled 
in 180 days ± 5 percent. 

[3] Free-flying assembly or construction equip- 
ment is to be avoided. 

[4] Extravehicular-activity (EVA) construction 
tasks should not be required, except for in- 
frequent maintenance and inspection tasks. 

[5] The energy conversion system structure is to 
be composed of a repeating hexahedral truss 
arrangement 8 bays wide and 16 bays long. 

These bays are 667.5 meters wide and 672.7 
meters long, giving a 5.4- by 10.8-kilometer 
structure when completeo. 

[6] A four-bay endbuilder construction facility 
is to be used to construct the energy conver- 
sion system structure in two passes. Each 
pass through the endbuilder produces a 4- by 
16-bay structural module. 

[7] The endbuilder construction base concept 
relies on semistationary beam machines in 
synchronous operation to produce continuous 
longitudinal members (10 776 meters) for the 
energy conversion system. 

[8] Mobile beambuilders operating autonomously 
are to be used to produce the various lat- 
eral, vertical, and diagonal beams as needed 
to complete the structure in each bay. 

[9] Structural beam segments are to be trans- 
ported and installed by two cherrypickers, 
one at each end. These cherrypickers are 

[a] Controlled by one operator in the cherry- 
picker 

[b] Self-propelled by onboard power supply 


11 



[c] Operated from a rail track system on the 
ener^ conversion systmn construction 
facility 

Construction operations will be performed 
during two 10-hour shifts per day and at 73 
percent efficiency. 

Concurrent with the construction of the 
energy conversion system structure, other 
nonstructural elements of the energy conver- 
sion system are to be assembled and 
installed as follows. 

[a] Solar array 

[b] Power distribution 
^c } Attitude control 
[d] Other subsystems 

The solar array blankets will be attached to 
12.7-ineter upper lateral beams and will be 
deployed longitudinally concurrent with the 
fabrication of the longitudinal beams. 

The GEO construction base interfaces with 
the energy conversion system structure by 
way of indexing/ support machines that pro- 
vide the capability to index in lateral and 
longitudinal directions. Those indexers are 

[a] Mobile towers with mechanisms for at- 
tachment to hard points on the energy 
conversion system structure 

[b] Self-powered with onboard power supply 

[c] Remotely controlled/monitored from base 
command and control center and can be 
slaved 

[d] Operated from a rail track system on 
the energy conversion system construc- 
tion facility 

Construction equipment rates ranging from 
0.5 to 20 m/min, shown in table III-I9 are 
assumed to be reasonable. Low equipment use 
should be avoided. 



[15] All construction equipoient is ntodu lari zed 
for ease of maintenance. 

[16] Forty-four solar array blankets, 14.9 meters 
vide and 660 meters long, will be installed 
in each structural bay. 

[17] The blankets will be deployed longitudinally 
between the 12. 7-meter lateral beams and 
electrically connected to interbay jumpers, 
jumper buses, and acquisition buses, as 
required, to assemble eight-blanket strings. 

[18] The interbay jumpers, jumper buses, and ac- 
quisition buses are automatically mounted on 
the 12.7-meter upper lateral beams as an in- 
tegral part of the beam fabrication process. 

[19] Before installation operations, solar array 
blankets will be inspected and checked out 
at storage locations. 

[20] An unmanned transporter will be used to de- 
liver the blanket containers to the appropri- 
ate installation locations. 

[21] A pair of cherrypickers , performing coordi- 
nated activities, is required for the in- 
stallation of a solar array blanket. 

[22] A total of four cherrypickers is allocated 
for installing the blankets and assembling 
the blanket strings. 

[23] A braking capability must be provided, 
which will allow the simultaneous longitudi- 
nal beam fabrication/ solar array deployment 
to stop when required, without detrimental 
effects on the solar array blanket 

[24] The satellite structure is to be divorced 
from the cumulative effect of the thermal 
variations of power distribution buses. 

[25] The natural frequency of the power distribu- 
tion buses is to be greater than that of the 
satellite. 

[26] Major satellite elements are to be supported 
by the base during all phases of 
construction. 
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[27] The Indexers should be located as far from 
each other as possible, to enhance 
stability. 

[28] Indexer supports are to be attached to the 
satellite structure at nodal points (e.g., 
space frames on the continuous longitudinal 
beams at the bottom of the energy conversion 
system structure). 

[29] The indexers can be independently operated 
While traveling about the GEO construction 
base, but during indexing operations, they 
will be operated under synchronized control. 

[30] The SPS quality assurance activities are to 
be performed concurrent with SPS construc- 
tion operations. 

[31] Automated construction operations are to be 
continuously monitored and inspected. For 
example, mechanical attachments will be in- 
spected for structural integrity and elec- 
trical connections will be subjected to 
continuity tests before acceptance. 

[32] Satellite inspection will be performed at 
each level of system buildup to assure integ- 
rity of construction. 

(d) Construction equipment - Typical construction 
equipment used by the major construction facilities of the GEO base is 
illustrated in figtire 111-12. The SPS construction equipment includes auto- 
matic machinery for fabricating large structural beams in space. These beam 
machines build three-sided open truss beams from tightly rolled strips of com- 
posite material to avoid the higher costs incurred in transporting low- 
density structures to GEO. General-purpose manned cherrvpickers, provided 
with dextrous maniinilators, are used to assemble these lightweight beams and 
install the required subsystem components in the energy conversion and power 
transmission systems. During construction, the major elements of the satel- 
lite are supported by indexers which can be moved across the base as needed. 
Additional equipment is also provided to facilitate the deployment of large 
sheet metal power buses, the anchoring of solar array blanket containers, and 
the installation of antenna systems. Table III-2 contains a summary listing 
of the major equipment types and use locations on the base. The solar collec- 
tor beambuilder substations and the power bus dispenser station are discussed 
further in the following paragraphs. 

[l] Energy conversion beambuilder requirements: 
Four different types of beambuilders are required to construct the energy 
conversion system as shown in table II1-3. Two types of beambuilders are 
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synchronised for continuous longitudinal beam fabrication^ whereas the 
remaining two besndMiilders are employed to fabricate lateral) vertical) and 
diagonal bracing member'. The 7.S-meter synchronised and 12. 7-meter autono- 
mous beaidMiilderS) idilch operate at the solar array level) are required to 
install solar array maintenance track during beam fabrication. The longi- 
tudinal beai^ilders must also be capable of installing attachment frames for 
joining other beams. All segmented beamS) in turn, must be fabricated with 
suitable end attachments. 


The 7.5-meter synchronised substation il- 
lustrated in figure III-13 includes a beam machine equipped with framesiaking 
features. Frasie segment supply canisters are mounted at each ben face at 
crossmember attaching stations. Since current tsaintenance track concepts 
require supports at each crossisember) track attachment will occur after the 
completed crossmembers emerge from the beam atschine. This requireamnt dic- 
tates the location of the track forming module as shown. 

The 7.5-meter mobile substation illustrated 
in the lower part of figure III-13 uses a beam machine provided with end- 
fitting attachment features. A colun-mounted end-fitting support fixture 
with movable gripping fingers can rotate to place fittings on either end of 
a beam. The column swings down as required to clear the emerging beam or to 
pick up an end fitting from the supply canister. The grip is capable of ex- 
tending to secure and withdraw a fitting from the supply canister. An auto- 
matic am attaches the end fittings to the bemn on either end as required. 

An accessory platfora is equipped with holding devices which index the com- 
pleted beam and position it for installation of the end fitting after it has 
emerged from the beam machine. The entire platfora with beam machine and 
accessories is capable of 360” swiveling and can be rotated perpendicular 
to the carriage to provide any required orientation. 

The 12.7-meter beambuilder concept shown in 
figure III-14 has multiple functions in addition to the basic beam fabrica- 
tion. 


[a] The entire substation platform can be 
oriented to direct the fabricated beam 
as required. 

[b] Maintenance tracks are installed on the 
top and side of the beam during fabri- 
cation. 

[c] An end-fitting fixture can take pre- 
fabricated end fittings from a sup- 
ply canister and install them on either 
end of the beam with the aid of the 
end-fitting installer. 

[d] Acquisition and jumper buses are in- 
stalled during beam fabrication as 
needed. 
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[e] Catenary attach fittings and aolar 
array (S/A) interbay junpera are 
installed during ben fabrication. 

[f] A support platfoTB shipped with in- 
dexers holds the bean to naintain 
alinenent during fabrication and end- 
fitting installation and aids in 
positioning the completed beam* 

[2] Mobile power bus dispensing station: The 

power bus dispensing statimiy shown in figure Ill-lSy dispenses both main and 
feeder buses and installs the bus support cables. Individual bus strips are 
supplied by specific supply canisters mounted at the back of the dispensing 
unit* The support cables are supplied by drums mounted on the top and bottom 
of the dispensing unit. The entire dispensing module pivots to dispense 
either feeder or main bus as required* The dispensing unit is supported on 
a base, which travels on the main carriage* The main carriage moves the en- 
tire assembly from one end of the construction base to the other during 
feeder bus dispensing* 


Aided by a dedicated, mobile cherrypicker, 
the bus dispensing station installs and preloads the support cables on the 
array as part of the dispensing operation* The support strongbacks and inter- 
mediate stiffeners are installed while the bus array is still secured by the 
dispenser* The dispensing station provides the correct mix of bus array ele- 
ments to meet main and feeder bus requirements in the correct sequence in the 
construction process* The dispensing station can cut and splice bus material 
as required* During main bus dispensing operations, the dispensing station 
is positioned at one end of the construction base. 

(2) Energy Conversion System Assembly 

A breakdown of the assembly operations for the energy 
conversion system is shown in abbreviated form in figure III-16* This assem- 
bly activity includes the fabrication and assembly of the structure for the 
first construction pass and the parallel installation and inspection of re- 
quired subsystems (e*g*, solar array blankets, power distribution)* When 
!:he first half of the satellite energy conversion system has been construc- 
ted, the base will be indexed back along the side of the satellite structure 
to a position adjacent to the first frame* The second construction pass be- 
gins from that point and includes the fabrication and assembly of the remain- 
ing structure together with the parallel installation of other subsystems* 

(a) Endbuilder assembly sequence - The endbuilder con- 
struction system is tailored to the structural cross section of the satel- 
lite and uses 10 dedicated semifixed beam machines to automatically fabricate 
continuous longitudinal members* Lateral and diagonal members of the struc- 
tural assembly are fabricated by three mobile beam machines* The assembly se- 
quence (fig* III-17) begins with step 1, the assembly of the first frame and 
its attachment to the longitudinal members* The structural members of the 
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frame are fd>ricated l»y tbree rnDbile beam machinea that travel from <hmi poai-' 
tion to tae nest. The upper lateral beam ia fd»ricated and then positioned 
for assembly, da this member is being joined, the mobile bema machines fabri- 
cate the other membera of the frame needed to complete die assaidily. In step 
2, the frame for one bay length is indesed by fabricating the continuous lon» 
gitudinal beams from the dedicated beam aiachines. In step 3, the next ft ae 
is built as in step 1. During these three steps, pover Imses and solar array 
blankets are installed in parallel. The solar away blankets are deployed in 
the direction of build, are attached to the upper lateral beoss, and are fed 
<mt of canisters as the structure is indexed. Longitudinal buses are in- 
stalled "on the fly** as the structure is indexed; lateral buses are installed 
before a b^ ia indexed. In step 4, the bay structure diagonal beasm are 
fabricated and assonbled to complete the bay. This bay is then indexed, as 
in step 2, and die entire sequence repeated until die energy conversion struc- 
ture is built. 


The endbuilder concept couples similar functions 
for installing each subsystem to related operations for assembling the energy 
conversion structure. As shown in figure III-18, the concept provides two av- 
enues for attaining increased production performance: operate automated con- 

struction equipsient faster or add equipment. 

(b) SPS assembly o^rations - nie rendering in fig- 
ure III-5 depicts the construction activities at levels F, 6, and H of the 
energy conversion construction facility. These levels are used in tUe con- 
struction of the upper surface of the energy conversion module. Shown 
nestled in the facility structure is the 7.5*^Kter longitudinal beam siachine 
(semifixed), and operating from a horizontally siounted track system are two 
mobile beas machines. One beam siachine is shown fabricating the 7.5-meter 
bracing bemi and the other, a 12.7-sieter lateral (solar array support) beam. 
Located ovezfaead on the facility overhang and operating from a track system, 
cherrypickers are used to maneuver and attach the completed beams. The com- 
plex operations of these two cherrypickers in the maneuvering, handing-off, 
and installation of beam lengths of approximately 600 to 1000 meters require 
further study. 


Solar array blanket deployment and installation 
is coupled with the endbuilder structural assesbly sequence. Shown are the 
blanket installers operating from a track System mounted on the facility 
overhang. The solar array blankets are deployed from canisters mounted on 
the overhang. Replacement canisters are shown being moved into place and 
installed at their deployment station by a mobile flatbed cherrypicker. 

The arrangement of major construction equipment 
at levels F, G, and B is also shown in figure 111-19. The level G 7.5-meter 
longitudinal bemnbuilder substation is provided with 60 sieters travel dis- 
tance to permit on-line maintenance and repair for continuity of construction 
operations. This distance provides about 1 hour for the repair and replace- 
ment of beambuilder components tdiile the shutdown beambuilder tracks along at 
the same rate as the indexing structure. The figure also shows the bus 
dispensing station in relation to the other beambuilders and the solar array 
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anchor at level H* The time line for assembling the first two rows of the 
energy conversion system is shown in figure 111^20. 

(c) Fabricating and assembling structure me ge- 
neric sequence used for the fabrication an^ assembly of the energy conversion 
system structure is ^own in figure HI-21* This structure provides support 
for the solar array blanketSf the power distribution system^ the attitude con- 
trol system^ and other subsystems that are part of the energy conversion sys- 
tem. It also interfaces with the antenna yoke* 

As shown in figure III-22, the energy conversion 
system structure is designed with a hexahedral (box) truss arrangenient 8 bays 
wide and 16 bays long, which includes two sizes of graphite composite tri- 
beams. The heavier 12.7-nieter beams are used at all other locations. In 
addition, 7.5-meter beams are used for structural support of the attitude con- 
trol thrusters at each corner of the structure. The two types of beams are 
shown in figure III-23. Type A 'earns are fabricated by a 12.7-meter mobile 
beam machine and are used only on the upper level of the structure to support 
the solar arrays. Type B beams are used for the rest of the structure. Ten 
type B beams are fabricated by semi stationary beam aiachines to provide the 
16-bay-long continuous longitudinal beams. Type B beams with end fittings 
are fabricated for all other structural members by two 7.5-meter mobile beam 
machines. 


In addition to the structural configuration 
previously described, the top surface of the energy conversion system struc- 
tural framework includes a maintenance track to accommodate solar array an- 
nealing operations. This track imposes additional requirements on the energy 
conversion system structural arrangement and on the beam machines. The upper 
surface continuous longitudinal beams are required to be oriented with a flat 
side up, as shown in figure III-24, to provide for the mounting of the track 
system. The tracks are supported by the beam with fittings at cached at each 
beam batten. 


(d) Installing solar array blanket strings - The ge- 
neric sequence used for the assembly of the solar array blanket strings for 
the energy conversion system of the SPS and their integration into the struc- 
tural framework and the power distribution network are shown in figure III- 


25. 


[13 Solar array blanket installation require- 
ments: The solar energy collectors for the 5-gigawatt solar power satellite 

are glass-encapsulated single-crystal silicon cells, mounted in a 14- by 
16-cell matrix to form the 1.059- by 1.069-meter solar array panels. These 
panels are joined together to form solar array blankets, 14 panels (14.9 
meters) wide and 611 panels (656 meters) long, with catenary cables on each 
end for attachment to the 12.7-meter lateral beams of the energy conversion 
system structure. The 611 panels of each of the 14 separate strips of the 
solar array blanket are electrically interconnected but isolated from the 
adjacent strip. Each end of the 14 strips is connected to a number 12 alu- 
minum wire, and the 14 wires at the ends of the blanket are intertwined to 
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form pigtails for electrical interface with other blankets or with acquisi* 
tion buses. 


The solar array blankets are manufactured 
on Barth 9 folded like an accordion 9 packaged in blanket containers! and in*- 
stalled in 22'»blanket container magaaines for transportation to GEO and sub* 
sequent installation on the solar power satellite. As shown in figure III* 

269 44 blafdcets are installed within each bay of the energy conversion system 
and each blanket is preloaded to 61.5 newtons. The blankets are connected in 
series by interbay jumpers to form four*blanket strings! mounted between the 
first and fifth upper lateral beams of every four rows. Pairs of four* 
blanket strings are connected in series by jumper buses on the first! fifth! 
ninth! nnd thirteenth frames to form eight *blanket strings! which are connec* 
ted to positive and negative acquisition buses on the fifth! ninth, thirteenth, 
and seventeenth frames. 


[ 2 ] Solar array installation approach: The 

endbuilder concept uses a two*phase operations approach, which couples solar 
array blanket installation operations to related operations for the assembly 
of the energy conversion system structure. As shown in step 1 of figure 
111*27! ^ile the structure is stationary and the lateral beam segments are 
being fabricated and installed, the solar array blanket containers are being 
mounted on the proximal anchors and the distal catenaries of the blankets are 
being attached to the !l*th 12.7*meter upper lateral beam. In step 2, while 
the continuous longitudinal beams are being fabricated and the structure is 
being indexed outward, the solar array blankets are being deployed. When the 
longitudinal beam fabrication stops and the structure is again stationary in 
step 3, the proximal catenaries of the solar array blankets are removed from 
the anchor and attached to lateral support beam N ^ 1. 

The operations required for mounting the 
blanket containers and attaching the catenaries are performed by two cherry* 
pickers. The initial operations for deploying the solar array blanket from 
the proximal anchor on level H of the construction base are shown in figure 
III-28. One 14.9-meter*wide blanket is shown deployed from level H and at* 
tached to the upper lateral beam of the satellite structure. Two carriage* 
mounted, mobile cherrypickers are also shown beginning to deploy the next 
solar array blanket. The cherrypickers, located at each end of the blanket, 
have removed a blanket container from the supply cart and attached it to the 
distal anchor posts. Working in unison, they remove the distal end of the 
blanket from the blanket container, deploy the array down to the 12 . 7 -meter 
beam, and attach the catenary and electrical leads. Both cherrypickers will 
then move 15 meters laterally and repeat the operations for the next blanket. 

In the dispenser box, panel segments are 
held in folded pairs by thin tapes from one end of the box to the other. Tlie 
tapes, with a calibrated breaking strength, help reduce panel spillage. How- 
ever, as construction proceeds, tension loads in the deployed portion of the 
panel increase until the load reaches the breaking point of the tape and a 
folded pair of panel segments is released, relieving the load. This repeated 
cycle causes periodic variations in panel tension. If planned or emergency 
factors require construction shutdown, braking loads may be sufficient to 
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cause spillage of the stowed panel even with restraining tape. Future studies 
should investigate alternative dispensing concepts | for example, reel* or 
drum-mounted panels which could be controlled using established methods of 
braking. 


The current 12.7*meter lateral beam de* 
sign was sised for an earlier solar array deployment concept, which was not 
coupled to the fabrication of continuous longitudinal beams. Each beam was 
allowed to rotate about its nodal end fitting to relieve solar blanket pre* 
load bending. The rotating beam concept is not compatible with the end* 
builder coupled solar array/ structure deployment operations, since it makes 
solar array blanket tensioning very difficult. It is also not compatible 
with the installation of solar array maintenance track, particularly with 
respect to the lateral end members and the numerous track crossover connec* 
tions. It is recommended that further study be devoted to alternate beam 
design concepts with different end fixities. 

(e) Installing power distribution network - The ge- 
neric sequence of operations for the assembly of the energy conversion system 
power distribution network is shown in figure III-29. 

[1] Installation requirements: The power distri- 

bution network is composed of the main and feeder buses shown in figure III- 
30 and their interface with the power collection system together with the 
associated maintenance track system, shown in figure III-31. 

The main and feeder buses are supported next 
to the satellite vertical beams beneath any intersecting diagonal or cross 
bracing structure. Support of the bus arrays is achieved using cables tea ' 
sioned to compensate for thermal variations and provide preload to maintain 
the natural frequency of the bus array above that of the satellite. 

The acquisition and jumper buses are 

attached to opposite sides of the lateral beams just below the cap members* 

The switchgear assemblies are supported on platforms attached to the lower 
cap member and braced with additional members from the upper cap members. 
Connections are made from the acquisition bus to the switchgear. Installa- 
tion of the switchgear assemblies takes place after the beam is completed. 

The maintenance concept shown provides a sep- 
arate maintenance track beam underneath the solar arrays which parallels the 
main and feeder bus locations. This track provides a working base for bus 
maintenance equipment to travel upon. The requirement for a dedicated mainte- 
nance track can be satisfied by expanding the updated beambuilder substation 
concept, in which solar array maintenance track is installed during the beam 
fabrication process. 


[2] Installation approach: Bus deployment opera- 
tions are coupled to related operations for the assembly of the energy conver- 
sion system structure. The main bus is deployed while the continuous longitu- 
dinal beams are being fabricated for rows 5 to 16. The feeder buses are 
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deployed While the structure is stationary and the lateral^ vertical, and di- 
agonal beam segments are being fabricated and installed for rows 4, 8, 12, 
and 16« 


Both main and feeder power buses are sup- 
ported by nonmetallic cables attached to outrigger structure on the verti- 
cal beams, as shown in figure III- 32. Placement of the cable attach points 
on the outriggers is planned to support the bus arrays in a plane parallel to 
the vertical beams at a point low enough to avoid interference with any 
overhead horisontal or diagonal structural members. The bus support cables 
are attached to strongbacks on the bus array, which serve to distribute the 
support cable tension loads across the bus array so that all the component 
bus strips share the tension load equally* The main and feeder buses also 
have stiffener members across the bus strips that maintain the correct bus- 
to-bus separation but do not provide structural support. 

The feeder bus strips are supported so that 
an individual strip is alined at the same level as the corresponding strip in 
the main bus to which it is connected. As a result, the feeder bus arrays on 
one side of the main bus will have a different support geometry from that of 
the feeder bus array on the opposite side of the main bus. An examination of 
feeder bus electrical requirements indicates that not all bus strips are re- 
quired for the entire length of the bus array; but for structural support, 
each bus strip must be continuous from one strongback to the next, regardless 
of whether or not it is required for electrical purposes. It may also prove 
necessary to increase bus strip width in some instances to carry the applied 
tension loads between strongbacks. 

In the case of the feeder buses, Where rela- 
tively few bus strips are arranged at widely separated intervals, bus instal- 
lations are shown with strongback support limited to groups of bus strips 
rather than extending across the entire array. This approach simplifies 
strongback handling and fabrication and is more structurally efficient. Ad- 
ditional outrigger supports are required to support the resulting configura- 
tion. On the side of the vertical support beam farthest from the main bus, 
this configuration poses no problem as access to the beam is unrestricted. 
However, feeder bus access to the main bus side of the vertical member is 
obstructed by the main bus. In this case, access to support is provided by 
tension links passing from the vertical member through the main bus array in 
the space normally provided between bus strips* If the O.S-meter space 
planned proves inadequate for this requirement, a larger space can be allowed 
in the bus array as needed with negligible impact on the design. Support 
cables run from the tension link to the feeder bus strongback* 

(f) Installing attitude control system - The construc- 
tion sequence for the SPS attitude control system is shown in figure III-33; 
also illustrated is its interface with the fabrication and assembly sequence 
for the energy conversion system structure. Figure III-33 also provides a 
detailed assembly flow for the number 1 reaction control system (RCS) unit, 
located on the first structural row. 
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The attitude control ayaton includea all opera- 
tional elements and software required to establish attitude control of 
the operational SPS on release from the GEO construction base and to maintain 
proper attitude and orbit stationkeeping during the operational life of 
the satellite. As shown in figure III-34y this equipment includes an 
ion thruster (with a chemical propulsion backup system for control during 
equinoctal occultation or unexpected loss of electrical power) at each 
corner of the satellite. Each thruster is mounted on a 500-meter outrigger 
that is positioned as an extension of a 12.7-meter lateral beam of the 
energy conversion system structure. The outrigger is supported by a 686- 
meter short brace from the lower continuous longitudinal beam and an 824- 
meter long brace located in the plane of the structure upper surface. 

(3) Power Transmission System Assembly 

The SPS microwave power transmission system (MPTS) is 
constructed on the antenna construction platform as a part of the construc- 
tion ba*;^. The antenna construction approach is sumsiarixed in the following 
paragraphs as defined by Boeing during the Phase 1 study effort (ref. 2). 

Figure III-35 is a side view looking into the antenna 
assembly facility. This picture illustrates the relative locations of the 
various construction equipment. The general construction sequence is il- 
lustrated in figure III- 36. The antenna is indexed through the facility 
one bay at a time. When a full width of bays is completed, the antenna is 
indexed longitudinally out of the facility so that the next row of bays can 
be assembled. When rhe antenna is completed, it will be located at the 
proper position so that it can be mated to the yoke. 

The integrated antenna construction time line is shown 
in figure III-37. Construction of the antenna entails the following subopera- 
tions: primary frame assembly, power distribution system installation, phase 

control system installation, subarray installation, and final test and check- 
out. These operations are described in the following subsections. 

(a) Assembly structure - The configuration of the an- 
tenna primary structure is illustrated in figure 111-38. The frame construc- 
tion sequence, the beam machine and cherrypicker locations, and the time 
required are shown in figure 111-39. Figure III-40 illustrates that both 
"tall" and "short" indexers are required during the frame assembly sequence. 
The beam end fittings and the battens are preassembled in the level K sub- 
assembly factory and are then delivered in sets or magazines to the anten- 
na construction facility. 


The antenna seondary structure is conceptually a 
preassembled deployable cubic structure. The structure is delivered as a 
collapsed and telescoped package. The construction task is to expand and 
lock the structure into a 104- by 104-meter square platform that can then be 
placed upon mounting points on the antenna primary structure. 

The collapsed secondary structure package is 
delivered to the antenna deployment platform shown in figure 111-35. This 
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platform is the most prominent assembly of equipment on the antenna con«- 
struction facility. Many pieces of equipment operate on this platform as 
illustrated in figure III*41. The equipment platform is used to deploy the 
secondary structure t to install phase control viringf to install pomer distri* 
but ion Hiring, and to install subarrays. 

Af.er each secondary structure package arrives at 
the platform, it is placed onto the secondary structure detelescoper machine 
mounted on one of the gantries. The phase control system installation cherry** 
picker is employed to anchor one face of the secondary structure While the 
detelescoper retracts to expand the structural package to its full 10-meter 
depth. A lanyard is then pulled which allows the secondary structure to ex- 
pand using spring-activated hinges on the structural struts. When the sec- 
ondary structure is fully expanded and self-locked into a rigid structure, 
the corners are attached to the secondary structure telescoping installa- 
tion system. The structure is then ready to be wired. After the wiring is 
completed and the primary structure correctly positioned, the secondary struc- 
ture is raised into contact with the primary structure by the telescoping 
actuators. Cherrypickers then make the necessary structural joints between 
the primary and secondary structures. 

(b) Installing power bus - After each bay of primary 
structure is completed, it is time to install the power distribution system 
on the surface opposite the subarrays. The first step is to install bus sup- 
port subassemblies Which have been preassembled in the level R subassembly 
factory. A pair of cherrypickers is employed (the same ones used to install 
the upper surface of the primary frame). At the nodal joints of the primary 
structure, it is necessary to install a preassembled antenna switchgear sub- 
assembly. After the support structures and the switchgear assemblies are 
installed, a bus deployment machine moves into place and deploys the neces- 
sary power busing for the bay. 

It is necessary to install a power distribution 
wiring harness on the secondary structures. This harness goes onto the face 
of the secondary structure opposite the location at which the subarrays will 
be installed. A gantry and a cherrypicker have been incorporated into the 
deployment platform for this purpose. 

After a secondary structure element has been 
installed onto the primary structure, it is necessary to run power cables be- 
tween the antenna switchgear subassemblies (on the primary structure) to the 
power distribution wiring harness on the secondary structure. A 230-meter 
cherrypicker is employed for this operation. 

(c) Installing phase control - After the secondary 
structure is deployed and attached to the installation telescopes, it is nec- 
essary to install a phase control «^iring harness (perhaps a fiber optics 
harness) onto the face of the secondary structure adjacent to the subarray 
installation locations. A gantry and a cherrypicker have been incorporated 
into the deployment platform for this purpose. The phase control intercon- 
nect operation between the subarrays and the harness installed on the second- 
ary structure is accomplished as a part of subarray deployment. 
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(d) Installing suharrays - Before aubarraya are de> 
livered to the deployment area, the pallet of aubarraya la delivered to a 
aubarray test area, where each smbarray will be tested for laechanical and 
electrical integrity (fig. 111-42). The subarrays that require refurbish- 
ment would be taken to a nearby facility for repair. The tested subarrays 
are loaded onto a transporter for delivery to the deployment platform. 

The method by which pallets of subarrays are 
transferred to and from the subarray deployer using an elevator is shown in 
figure 111-43. The deployment machine traverses along the gantry, stopp;* g 
every 10.4 meters. The deployment machine mechanisms extract each subarray 
panel from the pallet and raise it into position where the jackscrews can be 
attached to hard points on the secondary structure. The subarray is then 
leveled. The cherrypicker on the side of the deployer then makes the phase 
control and power distribution pigtail connections to the respective har- 
nesses previously installed onto the secondary structure. 

(4) Subassembly Factories 

Subassembly factories are included on GEO base levels 
K and J, as shown in figure III-44, to support the main assembly operations 
for the antenna and solar array collector, respectively. The antenna sub~ 
assembly factory on level R, for example, is equipped with component stor- 
age racks, manned cherry pickers, and various subassembly jigs. This factory 
preassembles beam end fittings, switchgear setups, and power bus support 
structures for Che antenna and its rotary joint/yoke interface. The level J 
factory provides similar subassemblies which are tailored to be installed in 
Che energy conversion system. The level J factory is also used to preassem- 
ble major components of the attitude control thrusters and major elesients 
of required satellite maintenance equipment (e.g., solar array blanket an- 
nealing gantries). 


(5) Interface Assembly and Systems Mating 

A breakdown of the assembly operations for the 
interface system and of the mating operations for the assembled systems is 
shown in figure III-45. The assembly of the interface (block 3.3) includes 
the parallel fabrication and assembly of the yoke and rotary joint in blocks 

3.3.1 and 3.3.2 and their subsequent integration by the block 3.3.3 opera- 
tions. The completed interface system is then mated to the power trans- 
mission system in block 3.4.1 and to the energy conversion system in blocks 

3.4.2 to 3.4.4, which include the fabrication and assembly of the yoke sup- 
port structure cind the concurrent lateral indexing operations. 

(a) Installation requirements - The interface system 
construction includes the antenna yoke, the rotary joint, and the antenna sup- 
port structure (figs. III-46 and III-47). The antenna yoke and the antenna 
support structure are assembled with the 7.5-meter beams baselined for SPS 
primary structure. The antenna support struts join to form a hexagonal in- 
terface that provides eight support points for the mechanical rotary joint 
circular beam. The mechanical rotary joint is composed of two segmented cir- 
cular ring beams, as shown in figure III-48. The circular ring beams are 
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assembled with precut 1-meter beam segannts. Roller ring drive assemblies 
provide tlM mechanical connection between each rii^ beam, and a central 
electrical rotary joint completes the interface. 

(b) Interface assembly approach - The yoke/rotary 
joint assembly facility (fig. lll-4^) is usea to construct the satellite 
Interface system and support the mating of assembled systems. This facility 
moves across the back of the solar collector assembly facility; first) to 
support parallel yoke/antenna assembly operations (figs. III*>50(a) and 
III-50(b)) and) second) to facilitate final systems mating (fig. lll-50(c)). 

Construction siaterials can be supplied to the 
yoke/rotary joint assembly facility directly from the top of the construction 
base. Required materials can be moved down the face of the facility to the 
construction equipment operating on its face. These operations are described 
further in subsequent paragraphs. Dedicated construction crews are not 
required for this facility operation since the interface assembly operations 
can be scheduled for periods idien energy conversion and antenna &ssanbly 
crews are idle. 


(c) Yoke/rotary joint assembly - The antenna support 
yoke assembly sequence is shown in figures Ill-51(a) and III-51(b). The 
same construction facility used for the rotary joint is used to fabricate and 
position the support yoke. The entire yoke is fabricated at the final in- 
stalled le^rel using tall indexers to support the completed sections during 
the fabrication process. The yoke structure is fabricated using 7.5-meter 
beambuilder substations mounted on the face of the construction facility. The 
structure is composed of individual beam elements. The beam handling is ac- 
complished using cherrypickers on the face of the construction facility and 
on the antenna construction levels as required. 

The first view in figure III-51(a) shows the in- 
dexer supports moving the completed portion of the yoke along diagonal tracks 
as the first diagonal leg nears completion. The construction facility is 
indexed to the left and supports the yoke end where fabrication is in prog- 
ress. 


The second view shows the support indexers moving 
laterally as the construction facility moves to the right to position the com- 
pleted yoke sections in their final location and as fabrication of the main 
crossmember proceeds. During this phase of fabrication) the main crossmember 
is supported on the construction facility. 

The final stages of yoke/rotary joint construc- 
tion are shown in figtnre III-51(b). In the first view, the yoke is shown 
completed and positioned ready to receive the antenna. The construction fa- 
cility was positioned to the left to complete fabrication of the remaining 
yoke stctions. In the second vieW) the antenna and yoke have been mated and 
the yoko, supported entirely by the indexer supports, has been separated from 
the construction facility. The facility is now free to begin fabrication of 
the rotary joint. 
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The second view in figure IlI~Sl(b) also shows 
the construction of the rotary joint to be well underway. Cherrypickar crane 
material transporters are used to assemble the rotary joint as they move 
aloi^ circular tracks on both sides of the circular ring beam. Equipment 
working inside the ring is removed before the last ring saints are in- 
stalled. When the rotary joint is assembled, the yoke/rotary joint assem- 
bly facility is in position to also attach the rotary joint/yoke support 
struts. 


(d) Final system mating - With the completion of both 
the antenna/yoke/ rotary joint as semoly and the solar collector assembly, the 
final mating of antenna and collector must be made. To accomplish this 
mating, the following operations have been establishe<l. First, the base is 
indexed to the solar collector antenna support strut pickups as shown in fig- 
ure III-51(c). Next, the antenna assembly (antenna, yoke, rotary joint) is 
indc ted to aline with the collector, and the yoke facility is positioned. Two 
mobile 7.5-meter beambuilder substations mounted on the yoke facility initiate 
the fabrication of the five outboard support struts. These stations aline the 
beam fabrication with the collector-pickup point areas, where cherrypickers 
mounted on the collector facility wait to capture and attach the fabricated 
struts to the collector attach fittings. The yoke facility mobile cherry- 
pickers perform this same operation in attaching the strut end to the rotary 
joint pickup fitting. This procedure is repeated until all five outboard 
struts are installed. Next, the base is re-indexed and the yoke facility is 
repositioned to fabricate and install the four centerline struts. After the 
struts have been installed, the solar collector power buses are routed along 
and attached to these strits and final power bus hookup is made between anten- 
na and collector. With the power bus installation completed, the base and 
yoke facility are again relocated to aline with the five remainii^ strut pick- 
ups and the operations are repeated for the fabrication and installation of 
these antenna support struts. The remaining operations are those for final 
satellite checkout. 


(6) Final Test and Checkout 

Once the assembled systems are mated, the GEO base 
flight control system will maneuver tc expose the SPS solar arrays to full 
sunlight in the perpendicular to orbit plane (POP) flight attitude. Final 
test and checkout will be automatically performed on the major satellite sys- 
tems (e.g., attitude control, direct-current (dc) power distribution, and 
radio frequency (rf) phase control). At the conclusion of these tests, the 
base will be separated from the satellite and transferred to the next SPS 
construction site. Subsequent satellite power buildup operations will be 
controlled from the ground. 

2. CONSTRUCTION BASE CONCEPT: ROCKWELL INTERNATIONAL 

The Rockwell construction study emphasis was on the gallium 
arsenide solar cell design which uses reflectors to concentrate sunlight on 
the cells. The resulting base configuration is described in the following 
paragraphs. 
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a. Overall Scenario 


The overall acenario leading to eetabllahnent o£ aatellite 
conatruction aupport faeiliciea and to ratellite eonatruetion la ahown in fig- 
ure III-S2. Initial operationa entail uae of the growth Shuttle and the Shut- 
tle-derived heavy lift launch vehicle (HLLV) for tranaporting men and mate- 
rial to LEO for the precursor phaae of the program. Subsequently, during the 
30-year satellite construction phase, the HLLV will become the primary trans- 
portation element for delivering construction mass to LEO. 

The Initial step in satellite precursor operations is estab- 
lishment of a LEO base as shown in the lower left of figure III-52. Crew and 
power modules are transported to LEO by Shuttle derivatives and assembled. 

When the base is fully operational. Shuttle external tanks are deliver^'d and 
mated to foim construction fixtures for satellite construction base (SCB) con- 
struction. The figure shows a completed SCB. Since the store economical HLLV 
will not be available during this phase of the program and since overall plans 
specify an EOTV test vehicle, it is probable that only the center section of 
the SCB would be constructed initially. This trough would be used to fabri- 
cate the pilot plant EOTV with an end-mounted antenna. After proof of con- 
cept and SPS go-ahead, the remainder of the SCB would be completed, sufficient 
EOTV's constructed to support initial satellite construction operations, and 
the SCB transferred to &rO, using one or more EOTV's for propulsion and atti- 
tude control. Upon reaching GEO, satellite construction would commence, 
with the logistics support as shown at the right of figure 111-52. 

b, LEO Base Description 

After completion of the satellite precursor operations, the 
function of the LEO base includes EOTV maintenance, payload transfer from 
HLLV to EOTV and vice versa, personnel orbital transfer vehicle (POTV) stage 
mating, intraorbit transfer vehicle (fOTV) fueling, crew transfer, and base 
maintenance. Ihe base (fig. III-53) nominally consists of crew habitat mod- 
ules, a power module, an EVA airlock and crew support module, and a LEO 
operations control and staging module. With the exception of the power pack- 
age, each module is 29.5 meters long and 5.7 meters in diameter and is compat- 
ible with the payload capacity and volume of the Shuttle-derived HLLV. The 
base can be expanded as required by adding additional docking adapters and 
modules. 


It is estimated that LEO support operations will require a 
permanent crew of 30. Ihe LEO base personnel provide supervisory activities 
for transfer of up and down payloads between the HLLV and the EOTV's and per- 
form the scheduled maintenance required by the EOTV (changeout of thruster 
grids and propellant tanks). Direct transfer of crew and equipment between 
the HLLV and EOTV's is planned; however, multiple docking ports and excess 
s ^systems capacity and po%#er are provided for emergency staging support. It 
is noted that the additional crew required for EOTV construction, originally 
in LEO and subsequently in GEO, will be housed aboard the satellite construc- 
tion base. 
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The SO-nnati crew is believed to be adequate for LEO func- 
tions as currently conceived; however, individual crewmember functions have 
not been defined in detail. As the program matures and more data are avail** 
able, adjustments to the crew siae may be warranted. 

c. GBO Base Description 

The satellites are constructed in GBO; each satellite is 
constructed at its designated longitudinal location. All construction ac** 
tivities are supported by a single integrated construction base (SCB). The 
SCB supports construction of two satellites per year during the mature por- 
tion of the program. Upon completion of a satellite, the SCB is moved to the 
operational location of the next satellite for construction of that satel- 
lite. 


The SCB (fig. 111*54), constructed of composites, con- 
sists of the construction fixture, construction equipment, and base support 
facilities. The construction fixture is in the form of three troughs, cor- 
responding to the satellite configuration, which permits simultaneous con- 
struction of the three satellite troughs. Additional structural members are 
located in the middle trough and are used as fixtures for constructing the ro- 
tary joint and supporting structure. 

The location of the major construction equipment items is 
identified in figure III-54. Twent 3 r-seven 50-meter tribeam fabricators for 
both longerons and crossbeams are required. The solar blanket dispensers 
(items 34 to 36) are installed at the bottom of each trough, whereas the re- 
flector dispensing areas (items 28 to 33) are located on the inner side of 
each trough diagonal. 

The central habitat, including docking and warehouse 
facilities (item 37) is located on the top deck girder of the middle trough. 
Auxiliary habitats and facilities (items 38 to 40) are installed at the 
bottom of each trough to reduce the time required for crew rotation at the 
end of each shift. 


Figtjre 1X1-55 is a perspective view of the SCB. Details of 
the primary installation equipment are described subsequently. Table 111-4 
contains the SCB m«ss statement. 

Current program ground rules specify a satellite construc- 
tion rate of two per year over a 30-year period, or 180 days per satellite. 

The time line in figure 111-56 conforms to that schedule. 

Table 111-5 contains the crew size required to support the 
construction schedule. The time phasing of the crew size reflects the major 
events on the time line (fig. 111-56). The operation is based on four 
shifts; three shifts per day with 2 days off per week. Although construction 
of the ' roughs could be started as soon as the slipring structure is com- 
plete, it is not a pacing item and its deferral results in minor crew size re- 
duction. 
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4. Construction Operations 


The satellite structure and solar converter is constructed 
in a single pass^ using the integrated SCB described in Section IlI.C»2*c« 
Initially, constructlcm of loi^itudinal members of the slipring Interface 
structure Is Initiated, and the members are fabricated to a lei^th permitting 
attadusent to the triangular frame (fig. III-S7). The first satellite frame 
is then constructed as shown in figure 111*58, followed by additional fabri* 
cation of slipring longitudinal members until the first triangular frame is 
positioned properly away from the SCB so that the second triangle can be 
completed* The SCB then proceeds to fabricate/ install the remainder of the 
satellite structure and solar converter. Concurrently, construction of the 
sliprings (rotary joint) takes place, using free*f lying fabrication facili* 
ties (fig. 111*59). In the figure, the second satellite frame has been con* 
strutted and the slipring structure has been completed* 

Mobile free*flying tribeam fabricators are used to con* 
struct the slipring structure, the antenna yoke base, and the arms. The con* 
figuration of the fabricator and the structural elements to be fabricated are 
displayed in figure 1X1*60. 

A layout of the sli;>rings, yoke, and antenna structure is 
contained in figure 111*61. The right of the upper illustration shows one 
800-meter bay of the satellite, which contains the supporting structure for 
the sliprings and the sliprings themselves. The yoke is attached to the 
left-hand portion of the slipring assembly. The antenna trunnion mountings 
are contained in the yoke arms as shown. Side elevations of the antenna, the 
antenna yoke, and the slipring are in the lower part of the figure* 

The assembly operation described previously is sho%m in se* 
quence in figure 111*62, starting with the configuration in the upper left, 
where the slipring supporting structure has been completed. In the next 
view, the slipring has been fabricated in its position and the yoke interface 
has been constructed. The last two views show the parL^ally and fully com* 
pleted yoke structure. The next step in the process consists of fabricating 
a movable beam, which traverses both sides of the yoke arms in tracks and pro* 
vides a platform for the equipment needed to construct the antenna and in* 
stall the rf elements. 

e. Assembly Equipment and Operations 

(1) Primary Structure Fabrication 

The overall satellite structural configuration is 
16 000 meters in length, divided into twenty 800*meter bays separated by 
twenty*one transverse frames. The satellite primary structure is constructed 
of 50*meter tribeam girders which use the basic 2*meter triangular beam ele* 
ments for the longitudinal elements at the three comers and for the trans* 
verse ties, which occur at 50*meter intervals (fig. 111*63). The basic struc- 
tural 2*meter triangular beam is constructed as a continuous element by a single 
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beam machine, uhich is fed by three cassettes containing prepunched composite 
ribbons. (Shear stabilisation of both the tribeaios and die satellite stroc'-’ 
ture is achieved by use of the X-tension cables.) 

The 5(Hneter tribeams are also fabricated a. continu- 
ous elements. The tribeam fabricator (fig. III-64) is one concept for a 
unitised 50-meter tribeam builder. The concept uses six beam machines to con- 
struct each girder, one for each of the three longitudinal masbers and one 
for each of the three sides to fabricate the transverse ties. 

A side and end elevation of the facility is shown in 
figure III-6S. Referring to this figure, facilities are provided at the 
ri^t of the structure for transferring and attaching the 2-meter crossbeams 
without shutting down the 2-seter longeron bean machines. Other necessary at- 
tach fittings also are installed at this station. After bean attachaent, the 
50-meter beam advances to the next two stations, tdiere tensioning cables are 
installed and beam alinement is completed. The 50-meter longeron is attached 
to the 50-meter crossbeam at the final station, using manned manipulator mod- 
ules (lOlM's) with a 50- to 65-meter reach. 

Additional detail of this process is illustrated in 
figure III-66, idiich shows installation of a 50-meter crossbeam at the bottom 
of a trou^ section. Movable tribeam facilities (A) construct the 50-meter 
crossbemns, the completed beam advancing to the right in each case. Hhen the 
beam has advanced to the longeron to tdiich it will be attached, the movable 
facilities are translated downward to make room for installation of the beam 
closeout section. Fixed facilities (B) then fabricate the closeout section, 
which is translated downward into the proper position for attachment. In fig- 
ure III-67, the cross tribeam and longeron are shown in the process of con- 
struction; in figure III-68, the crossbeam has been completed and the close- 
out section installed. 


An alternative concept eliminates the need for the 
extra movable facility shown in figure III-66. In this concept (fig. III- 
69(a)), the movable facility has been replaced by relocating the crossbeam 
fabricator from inside the longitudinal tribeam pod to an adjacent site as 
shown at the left of the figure. A parking spur for the crossbeam fabricator 
is provided to permit translation of the fabricator in a downward direction 
as indicated in view A-A at the bottom of the figure. In addition to the 
beam machines which construct the basic 50-meter crossbeam, additional beam 
machines are mounted external to the fabricator as shown. 

Initially, the crossbeam is fabricated, progressing 
across the bottom eloient of the SCB as it advances. When the beam reaches 
the longitudinal tribeam fabricator, or pod, at the right of the trough 
bottom (fig. TII-69(b)), the crossbeam fabricator is translated downward 
(view A-A) to position the external beam machines. The closeout elements, 
which consist of 2-meter beam sections, are then fabricated by the external 
beam machines and translated into position by manned manipulator modules for 
attachment using the attach concept described in the next section. 
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(2) Solar Blanket Installation Facilities 


Solar blankets are deployed along the bottom of each 
of the three trou|^* The general arrangment of the deployment facilities 
is sboim in figure III*70(a) for one trou^ and is described in more detail 
later. The blanket dispensers are located on the lower deck (side elevation) 
and to the left of the blanket attach plane. 

Figure III*70(b) is an elevation view of the solar 
blanket deployment facility. This facility provides for the installation 
of tension cables, switchgears, distribution feeders, and other equipment 
associated with the solar blankets. An auxiliary base (15), including a crew 
habitat (17), a docking and service module (16), and a power module (shown to 
the left of the crew habitat), has been established at each of the three de* 
ployment facilities. Previously, all such siodules were located at the cen- 
tral habitat/warehousing area on the top of the SCB main deck girder. An 
evaluation of time lines and the estimated rate of travel of personnel vehi- 
cles traversing tracks from the central base to the various deployment areas 
indicated that considerable time over the nominal 8-hour shift would be re- 
quired for crew rotation. Therefore, the central base size was reduced and 
the three auxiliary bases were added to the concept. Capability has been 
retained, however, for movement of logistics and personnel to and from the 
central base to the auxiliary bases, since more extensive warehousing and 
servicing facilities exist at the central location, and arriving payloads 
will be a mix. 


The top deck of the facility contains a cargo loading 
deck, ^ich can receive cargo either from the central base or from an EOTV by 
way of transfer tugs (lOTF*s). A wa.:ehousing area is provided on the next 
lower deck (23). Means of transferring material from this area to the main 
deck are provided by the interdeck elevator (24) and the material transit sys- 
tem (22). Supply elevators (3 and 9) are used for deliveries of material or 
manned manipulator modules to the lower deck. A POTV arriving from LEO can 
dock as indicated at the right of the figure (20 and 21). 

The overall installation concept is similar to that 
described in reference 3 in that cables and blankets are deployed as the 
crossbeams to ^ich they are attached advance in the course of main structure 
fabrication. The satellite (and SCB) configuration has changed since submis- 
sion of the final report; that factor plus concept update has resulted in the 
current facility. 


The first step in solar blanket deployment is to load 
the blanket rolls in the 24 dispensers (5) installed in each of the 3 facil- 
ities. This loading is accomplished by a logistics vehicle (4) which tra- 
verses the entire trough width, loading each dispenser as it progresses. 

It is estimated that the vehicle can load the 24 dispensers in 6 hours (13 
minutes per dispenser). The dispensers must be loaded before the fabrication 
of each bay, a six-shift operation, so chat additional time is available if 
required by contingencies. 
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The blankets are attached to the tension cables, «dilch 
are strung at either side of the blanket strip by an attachnent machine (7). 
Other stations for attaching side and end catenaries and electrical compo- 
nents are also shown as Indicated in the nuotber Index at the left* The tri- 
angular section at the bottom right of figure III-70(b) represents the 50- 
meter crossbeam In position for attachment of solar blankets, cables, etc*, 
and for Installation of switchgears and other electrical components* 

A perspective of the solar blanket deployment facility 
(fig. Ill- 70(c)) dtows the location of certain stations relative to the 
bottom of the SCB trou^. The numbers are keyed to the numbering Index In 
figure III- 70(b). 


Figure III-70(d) Is a plan view of the facility, 
looking upward at the lower deck. The apex of the 50-meter crossbeam (fig* 
III-70(b)) is indicated as the blanket attach station. The gulde/attach 
cable deployment reels (1) are located at the left of the figure. The 
track-mounted cable reel servicing unit (2) can traverse the entire width of 
the SCB trough bottom to load the reels and perform any required maintenance. 
The blanket supply truck (4) is shown adjacent to the blantet dispensers (5). 
A solar blanket roll (25 meters wide) to the left of the truck Is being 
delivered by the elevator. 

The end catenaries are 50 meters wide; each catenary 
is attached to two blanket strips. Each blanket roll has half of the cate- 
nary attached. These catenaries are attached to form a 50-meter-wlde as- 
smnbly on the platform (6) which extends across the trough. The side cate- 
naries are assembled on a plat£o:m (8) and attached to the two outboard 
solar blanket strips as they deploy. 

The guide cable alinement tower (12) has the capabil- 
ity of moving on tracks in the longitudinal direction (fig. III-70(b)). The 
tower is used to fasten the leading and trailing edge catenary cables to the 
crossbeam. Additionally, as the cables deploy with the advancing crossbeam, 
the towers restrain the cables from a direct line to the crossbeam by 
depressing them so that they are deployed in the proper plane. 

A mobile gantry (10) traverses laterally and is used 
to install the switchgears, sending feeders, and other ancillary electrical 
equipment on the crossbeams at the bottom of the trough. Additional details 
of this operation are described later. 

Figure III-70(e), a perspective of the preceding fig- 
ure, shows the location of the numbered items relative to the overall facil- 
ity structure. The crossbeam upon which the installations are being made is 
shaded and is to the right center of the figure. 

(3) Installation Operations at Crossbeams 

Upon completion of crossbeam structure fabrication, 
the saddle clamps, the switch assemblies, and the distribution, monitoring. 
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and control (DN&C) equipment are installed* Figure 111-71 represents the gen- 
eral arrangement of the installation* Secondary feeders and tiieir insulation 
mounts are included in tliis installation for alternate crossbeus* The solar 
blanket trailing edge catenaries and longitudinal cable tensioning ties are 
then attached^ followed by tensioning and clttiping of the transverse cate- 
naries and longitudinal cables* Following this operatioUf the leading edges 
of the solar blanket transverse catenaries are attached to the trailing edge 
of the crossbeam by means of brackets installed on the saddle* The operation 
at each station is completed by attaching the blanket connectors to the switch 
assemblies^ connecting the l^&C bus, and connecting the switchgears to second- 
ary feeders (alternate crossbeams)* Construction of the longerons and cross- 
beams for the next bay is then initiated* 

A time line encompassing the operations incident to 
construction of one bay is contained in figure III-72. Two days or six 
shifts have been allocated for the operation* 

One of the satellite construction guidelines entailed 
no planned EVA* Accordingly, construction and installation operations con* 
cepts have leaned heavily on automated activities, assisted by manned manipu* 
lator modules* A typical manipulator module is shown in figure 111*73* Its 
primary elements are the control cab, the support base, and the bilateral ma- 
nipulator* The base rotates around the centerline of the boom attach wrist, 
and the control cab rotates 360^ around the vertical axis of its base* The 
cab provides a shirt-sleeve environment and can be operated by one man but 
has sufficient space to accommodate two suited astronauts* The life support 
system is sized to support three persons for short periods (e.g*, a rescue 
operation)* One docking port is located at the top of the cab and one at the 
bottom of the base, providing dual exits* Facility power is provided through 
the boom. The boom operation is controlled from the cab with secondary con- 
trol capability at the platform. The IMf contains provisions for lights and 
TV cameras. 


A crew transport module is depicted to the right of 
the MMM (fig. III-73). Its life support capabilities are less than for the 
MMM. Its primary purpose is to rotate HIM crews for operations requiring 
more than one shift (e.g., solar blanket electrical installation) without 
having to remove the HSM and replace it with a similar unit. 

A traveling gantry, or platform, installs and connects 
the electrical components, and attaches and tensions the various cables* The 
gantry (fig. Ill- 74) is equipped with two MMM's and a switchgear assembly dis- 
penser. The saddle clamp already has been installed on the crossbeam (this 
operation taking place in the tribeam fabrication facility) and the cables 
have been attached. The MMM to the right has a tensioning tool used to apply 
the correct tension to the cables and then clamp them* Another view of the 
tensioning tool is shown in figure III-75. The tensioning yokes are attached 
to the brackets with the clamp already attached. The MMM's apply the ten- 
sioning screwjack at the left of the figure until the longitudinal cable is 
tensioned to the proper value. The end of the tool pushes against the clamp 
mounted on the yoke to maintain tautness. The cable clamp is then secured 
to the longitudinal cable. 
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In figure III' 76, lAiieh shows edditional detail, the 
nagasine has been indexed to the proper position for installing the switch' 
gear assenbly, which is automatically inserted into the kayway on the saddle 
clamp and locked into position. An electrical connector attached to wiring 
from the solar array is automatically inserted into its mating receptacle 
as the assembly advances into position. 

After the cables have been attached and tensioned and 
the switchgear assembly has been installed, secondary feeders must be secured 
to alternate crossbeams. This process (fig. III'77) uses the same gantry 
previously described. The aluminum feeder roll is mounted on the brackets, 
which are attached to the magazine. As the gantry traverses laterally from 
one installation point to the next, the feeder is unrolled and welded to insu' 
lation mounts which have been installed at the tribeam fabrication facility. 
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TABLE III-l.- BQUiniENT OPERATING TIMES AND RATES 


Operation Value 

Beanibuilder substations 

Beam machine aiming,^ min 5 

Average beam fabrication rate, m/min 

Longitudinal beams 0.5 

Lateral, vertical, or diagonal beams .... 5 

Installation of end fittings, min 10 

Handoff, min 5 

Travel, m/min 20 

Cherrypickers 

Beam installation, min 10 

Travel, m/min 50 

Indexer/support 

Attachment, m/min 10 

Index/travel, m/min 10 

Support /travel, m/min (b) 

Bus dispensing station 

Travel, m/rain (b) 

Bus dispensing rate, m/min ^5 

^Rotate in yaw 90®, elevate 45* or 90*. 

^As required. 

^Minimum. 
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TABLE III-2.- CONSTRUCTION EQUIPMENT SUMMARY 


Iton 


Quantity 


Maas 

» t 


SA« 

Ab 


Total 

Each 

Subtotal 

Beam machines 







7.5-m synchronized 
travel 

10 

— 


« A 
AM 

11 

110 

7.5-m gimbaled 
mobile, manned 

2 

2 

2 

6 

IS 

90 

12«7-m gimbaled 
mobile 9 manned 

Che r ryp icke r s 

1 



1 

21 

21 

30-m 

8 

— 

2 

10 

2.5 

25 

90-m 

4 

2 

— 

6 

5 

30 

120-m 

— 

2 

1 

3 

7 

21 

250-m 

Indexers 


1 


1 

9 

9 

15- to 45-m 

5 

— 

— 

5 

1.3 

6.5 

130-m 

— 

6 

8 

14 

3.0 

42 

230-m 

— 

2 

— 

2 

5.5 

11 

Bus deployer - 
90-m (also 80-m) 

1 

1 

1 

3 

8.0 

24 

Solar array deploy- 
ment equipment - 
proximal anchors 

176 



176 

(d) 

(d) 

Antenna deployment 
platform 

— 

1 

— 

1 

28 

28 

10-percent allow- 
ance for undefined 
equipment 
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^Used on solar array system. 
^Used on antenna. 

^Used on yoke and rotary joint. 
^To be determined. 
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TABLE III-3.- ENERGY CONVERSION BEANBUILDER SUBSTATION REQUIREMENTS 
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TABLE 1II-4.- SCB MASS SUMMARY 


Cs-tcougjh} sinsle-passJ 


Equipment 

Mass* kg 


Tribeam fabricators 

166 000 


Reflector installation equipment 

120 000 


Solar blanket dispensers (including 
cables and catenaries) 

187 000 

- 

Subtotal 

473 000 

• 

Microwave antenna 

409 000 


Fabrication fixture 

1 499 000 


Logistics vehicles and isanned 
manipulators 

252 000 


Subtotal 

2 160 000 


Habitat and power supply 

1 617 000 


Total 

4 250 000 


Total including 25 percent 
growth 

5 312 000 



38 





1ABLB III-5.- CREW SIZE (REFERENCE CONCEPT) 


Activity 


Crew sise for “ 



1 to 80 

81 to 140 141 

to 180 

Construction 

Solar converter construction 

60 

— 

— 

Antenna rf assembly and 

24 

24 

24 

installation 

Construction support 

12 

5 

5 

Maintenance 

10 

5 

5 

Base management 

8 

4 

4 

Crew support 

12 

4 

4 


— 

— 

— 

Total per shift 

126 

42 

42 

Total for 4 shifts 

504 

168 

168 

Operational maintenance 

— 

— 

30 


— 

— 

— 

Total onboard 

504 

168 

198 
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Figure lll-l.- SPS operational elements 
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Figure iIl-6.- Initial satellite construction using four-bay endlbuilder. 



figure: lit-?.- Four-bay endbuilder construction base update. 
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• Ass8mfal« baseline 5-GW satelUts in 6 months 


8 by 16 
bays 



• 4-bay endfauilder (ref 2) 

- 2-pas$ long, energy conversion assy 

- 11-row lateral antenna assy 

• IVA assembly methods • EVA emergency limited 
n SPS construction issues 

- Satellite construction approach 

- Structural assembly methods 

- Subsystem installation techniques 

- Construction equipment requirements 

- Satellite support and base interactions 

- Hvicfling and mating large system elements 

- In-process inspection and repair 

- Final test and checkout 




Figure III-8.- 


SPS Phase 2 construction requirements and issues. 



Figure II L- 9.- 


Four-bay endbuilder operations flow. 
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Time, days 


0 20 40 60 80 100 120 140 160 180 

1 1 1 1 1 1 1 1 1 1- 


71 


Assemble energy conversion system | 74 (long, index at .5 m/min) | ( 

1^.3 (long, ind ex at 1 m/min^ ^ _ 59.3 ^ 


Re-index base 


C 0 


Assemble interface system (yoke) 

1.5 

r-1 
1— J 

on 


Assemble power transmission system |^ | 

140 

i 

1 


Mate assembled systems 


rn 
L J 

r 

□ 

1 1 — ~ — 1 

Final test and checkout 


L 

1 

1 ?? 1 


IOC 


A 

157.1 


A 

180.5 


Figure III-IO.- Four-bay endbuilder time line; IOC is initial operational 

configuration. 
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1st pass 

e Buiid 4-bay- 
wtde strip 
• Parallel antenna 
buildup 





• Complete 

4 by 16 bays 

• Index lat. 

• Go back to go 


<=3 


A. 


.. .. 



• Mate antenna 

• Index lat. to 
clear antenna 


2nd pass 

• Complete 8 by 16 bays 
e Antenna complete 
e Index lat. 

e Build antenna support structure 


Lat 



Long. 


Indexer supports 


F I gure [ 1 1- 1 1 . - 


Four-bay endbuilder construction 


sequence . 
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25- m boom 


90-m crane 



25m 


» I 




Figure IH-12*- Typical construction equipment. 
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Fram« segment 
supply canisters 
(3 places) 


7.5*ni mobiie substation 


Figure tII-13,- 7.5-meter beambuilder substations. 


Operator cabin 



Acquisition 
bus supply 
canister 


Inter bay jumper 
supply 


Jumper bus ✓ 
supply canister 


\v 


Bus maintenance 
track supply 
canisters 



Figurt’ TII-14.- 12. 7-meter beambui Ider/acquisition bus substation. 
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Requiremeim 


• Dispense main and feeder buses 
in sequence 

e Cut and splice bus material 

• Install stiffeners and strongbacks 
e Install and preload cables 



Bus supply 
canisters 


detail A 
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Figure Satellite construction operations analysis. 














© Repeat steps 2 and 3 to 
complete structure 



First structural 
row completed 


Install power 
bus and solar 
array blankets 
in parallel 


Figure tII-17 Endbuilder structural assembly sequence • 


Baseline configuration time line 


Fabricate and attach segmented beams 
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Prttlmlntrv long, bitm fatarleatlon 
Fabrieato antf ontmUo ondfraini 



Attach lolir arroyt 
Attach ihruttar 

Fabricata long, baaim. inte. diplov 8/A (.5 m/mlnl 
Fafaricata and attach tagmantad beams 
Attach solar arrays 

Fabrkata long, beams, index, deploy S/A 
Fabricata and attach sagmantad beams 
Attach solar arrays 
Subsystem assembly 



Repetition 

cycle 


Figure 111-20.- Energy conversion system assembly time-line update. 



• Activate 

• Gimbal 

• Inspect 

• Adjust aim 


• Actheta • Fabricata 

fixture required 

a Position length 

fitting • Monitor 

. ^ . machine 

• Attach legs operatmn 

• Inspect 


• Activate • Activate 

fixture fixture 

a Hold beam a Position 

• FfMtaMm 

end • Attach lags 
machine _ 


a Attach 

cherrypicker 
a Open hold 
fixture 

a Remove beam 


Figure III-21.- Energy conversion structure fabrication and assembly flow. 
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Powar transmitston attachmant and 

Figure III- 22*- 5-gigawatt SPS energy conversion system structure. 



1 2 7 m »-•- ^ Battan and caps 



Fij^ure 111*23. - Energy conversion structural configurations. The symbol E 
is moiiultis of elasticity; is moment of inertia. 
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Mainttnaim gantry 



Figure III^24*~ Satellite maintenance track requirements. 



I I 

I tn$tail t 

jumpar and 
I acquisition t 

i buses I 


Figure 1II-25,- Energy convcrsLcn syatem solar array installation flow. 


3.1.3 

Imtail poMWi 

dlttribution 

netwoHc 
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8-blank6t S/A string 


• Accordion-folddci solar array blankets 

• Attached concurrent with segmented beam febricatton 

• Deployed concurrent with long, beam fabrication 

• 44 blankets/bay, each tensioned at 61.5 N 

« Blankets Joined by Jumpers and Jumper buses 

• 8- blanket strings connected to acquistion buses 

Figure III- 26.- Solar array installation requirements. 


© 

© 

© 


Connect $/A 
distal end 



• Connect S/A 
proximal end 



Figure 111-27.- Coupled frame assembly/ solar array deployment. 
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Figure III- 28.- Solar array handling and deployment. 



Figure Ilt-29.- Energy conversion system power distribution network assembly 

flow. 
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Power distribution system. 
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Figure 111-34.- SPS attitude control support requirements. 
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Subarrays 




mr 






Primary structure 

Seconcbry 
structure 


Ridge beam 




Location of 
frame 

assy equipment 


y-Hioge 

/ IT“'! 


Primary beam 


mL . A. .e 


Strip 1 


Assemble primary frame strip 1 


m 


-y- -1--I 

I I I I t t 
-J - J _ j ^ -i-.I 


> Facility 


• Index strip 1 out 
of facility 




m 

* 

1 


1 


1 f 



n 

B 

rr- 

m 


• Assemble frame for strip 2 

• Install secondary structure 

• Install subarrays 

• Install other components 



0 


Index antenna through facility 


© 



Index antenna out of facility 
Move frame assy equipment 
to opposite end of facility 
Assemble strip 3 frame 



© 


e Complete strip 3 
o I ndex antenna out of 
facility 
• Continue 


Figure 111-36.- Antenna assembly sequence. 
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Time, days 


10 15 


20 25 30 35 40 45 


50 



Figure III-37.- Antenna construction time line. 


147 m 




104 m 


147 m 


104 m 
Typical bay 


^ V/ 


K-./ 



Figure III-38.- MPTS primary structure. 
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Sequence for BM1 


CP2 

moves 

elofig 



Figure III- 39.- MPTS primary frame assembly equipment, sequence, ano time line. 


Power buses 



After secondary structures 
and subarrays are installed, 
the only places to attach the 
indexers are at the perimeter 


Secondary 

structures 

with 

subarrays 


■ "Tall" indexer 


"Short" indexer 


First row of A-frame 
requires both "tall" 
and "short" indexers 


Figure 111-40.- Antenna indexers. 
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Wiring 

connection 




Figure III-41.- Antenna deployment platform. 
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• Load subarrays 



• Stack subarrays 
onto transporter 


To 

deployment 

machine 






Figure III-42.- Subarray preparation process. 


@ Transfer stack 
of subarrays 
off transporter 
onto elevator 


(D 

T ransf er stack of 
subarrays to 
deployment 
machine 
loading position 



Subarray transporter 

/ 

Pallet of 28 subarrays 
{enough for 2 passes along gantry) 

(J) Park subarray transporter 
adjacent to elevator 


Subarray elevator 


Subarray deployment gantry 


I 

L - J 


i!^\ 


T ransf er stack of 
subarrays onto 
deployment machine 


Subarray deploy er 


r-i' 

I - I 


® Move deployment machine 
along gantry 

® Install subarray onto 
secondary structure 

Q) Connect subarray wiring to 
secondary structure wiring 


Figure 111-43. • Subarray deployment sequence. 
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switchgear 
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component 

storage 

rack 
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y— " Component 
/ storage rack 



* Strut 
assy 

machine 
(6 pi I 


Level J subassembly factory 


Transporter 


Figure III-44.- Subassembly factories. 
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Figure III-45.- 


Interface 


assembly and systems mating flow. 
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Figure lH-47.- Antenna interface. 
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Figure III-48.- Circular ring beam geometry* 


Collector construction 
facility 


Solar collector 



Rotary |oim 
construction facility 


Rotarv loint 

Support struts 
(16) (7.5 m beams) 


Yoke 


Cherrypicker crane and materia) 
transporter 2 ' 


Circular beam 
construction 



Track system 
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mobile beam 
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Hub support beams 
View B-B 


Fi 


III-49.- Yoke/ rotary joint assembly faciity. 
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Yoke/rotafy loint 



• First construction |ias$ 

• Locate yoke facility for initial construction 

• Construct antenna and yoke in parallel 


• Second construction pass 

• Relocate yoke facility for continued use 

• Antenna and yoke construction 
near midpoint 


(a) First and second construction passes. 


Yoke 'rotary joint assembly 
facility 



AssemUed 

yoke 


• Second pass complete 

• Yoke assembly complete 

• Antenna assembly complete 


• Join yoke and antenna 

• Center yoke/rotary joint 
assembly facility to 
fabricate rotary joint 

• Fabricate and attach 
yoke/rotary loint struts 


(b) Mating of yoke and antenna. 


igure TII-50.- Antenna/ interface construction sequr ice. 
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Yok»/rotary joint 
assemblv facility 



• 

Index base to solar 



collector pickup 

• Re'indax base and reposition 

• 

Index antenna to aline 

yoke facility to fabricate and install 


with collector 

remaining support struts 

• 

Position yoke facility to 
fabricate and install support struts 

• Prepare fif' >1 C/0 


(c) Final systems mating operation. 


Figure [11-50.- Concluded. 


Solar collector 



(a) 


Fab Location of antenna and yoke. 


Figure Yoke/rotary joint assembly. 
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(b) Joining of antenna and yoke. 
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TTT-S/».- S.Ttrllifr construction base 





Figure £11-55.- Integrated satellite construction base. 


Construction operations Construction time, days 
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End-mounted antenna 
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Antenna primary structure 
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■ 

Antenna rf elements installation 
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rf mechanical module, assembly 

N-th satellite 


1 
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Figure IIt-56.- Satellite construction time line. 










Yoke base/arms 


SCB 80-m facilities 
modified to fabricate 50-m tribeams 
regrouped to form independent 
fabrication f acllitiet 



Slipring structure 


Figure III-60.- 50-meter tribeam facility for fabricating antenna and 

supporting structure. 


Mechanical 
moiule 
rf elements 



Figure III-61.- Slipring/yoke/antenna structural layout of space-frame antenna. 
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Figure III-62.- Antenna supporting structure assembly sequence 


Tribeam girdar tection 



Figure III-63.- Primary structure evolution. 
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cable system 
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Figure III-64.- Typical longeron facility. 
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Figure III-65.- Longeron fabrication facility. 
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attach plane 
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Figure III-66.- 50-meter crossbeam installation. 
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Diagonal croaibaam 
attachad aftv bottom 



Figure III-67.- Typical three-way intersection wi^h longeron. 



Figure I I 1-68.- Crossbeam attachment configuration. 
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(a) Sequence 1. 



of longeron 
facilities 



(b) Sequence 2. 


Figure III-69,- Construction concept for crossbeam fabrication and attachment. 
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1300 m 
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C-i 


Landing daek 
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(b) Elevation view. 
Figure III-70.- Continued 
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Figure III-70.- Continued. 
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Figure III-70.- Concluded. 
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Figure 111-71.- Installation operations at crossbeams. 



Figure III-72.- Solar converter construction sequence for typical bay. 
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Figure 111-74.- Swi 
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Figure III-77.- Secondary feeder installation. 
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IV . RECTENNA CONSTRUC TION 


The rectenna is the ground-based unit of the SPS which receives micro- 
wave energy and converts it to grid-compatible electrical power (fig. IV-1). 
Recent analysis favors a concept using individual antenna elements with 
dedicated rectifiers and filters for rf to dc conversion. These elements 
are mounted on flat panels arranged to be perpendicular to the incoming rf 
beam, A steel mesh is used behind these elements as an electrical ground 
plane. Elements are connected in parallel and series groups, as required, 
to produce voltage levels compatible with dc to alternating current (ac) 
conversion. The rectenna ground area varies with location and is ellipti- 
cal because of its position relative to the equatorial orbit plane of the 
SPS antenna. 

Rectenna site locations and alternative structural designs were inves- 
tigated. The rectenna structure selected as a reference is constructed of 
steel with aluminum electrical conductors. Aluminum, wood, and concrete 
have also been examined for structural use. Several studies have been con- 
ducted on availability of suitable sites. 

A. SITE LOCATION STUDIES 

1. UTILITY INTERFACE, SITE AVAILABILITY 

A siting analysis was conducted to develop information on 
siting criteria and to make a preliminary assessment of siting problems. 
Three areas were surveyed: (a) Pacific Northwest, (b) north-central region, 

and (c) southern California. Information was informally exchanged with 
power companies in these areas. The analysis was conducted manually using 
aeronautical charts, contour plots, and roadmaps. From this study, it 
was concluded that the number of potential sites available exceeds the 
estimated requirements . 

2. OFFSHORE RECTENNAS 

A preliminary feasibility and cost study was performed on the 
concept of an offshore rectenna to serve the upper east coast. A candidate 
site was selected and several types of support structures were analyzed. 
Results indicate that a rectenna could be built offshore but that the 
practicality of this system is undemonstrated. 

3. SITE REQUIREMENTS 

A number of studies have focused on site layout for typical 
locations. Maintenance facilities, access roads, converter stations, dis- 
tribution towers, control buildings, and other similar factors were exam- 
ined in the construction analysis. 
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4. SITE LOCATION STUDY: BOEING 


a. Approach 

A siting analysis was conducted to develop information 
on siting criteria and make a preliminary assessment of siting problems. 
Related to this task, an informal information exchange agreement was made 
with three utility regions. 

(1) Bonneville Power Administration (BPA) (Pacific 
Northwest) 

(2) Mid-Continent Area Power Pool (MAPP) (north-central 
United States) 


(3) Southern California Edison 

Additional ground rules employed in the siting investiga- 
tion are as follows. Most of these can be regarded as candidate site se- 
lection criteria. 


(1) Two "beam plus buffer" region width (east-west dimen- 
sion) 

(a) 13.18 kilometers (corresponds to 5000 megawatts 
output) 

(b) 9.32 kilometers (corresponds to 2500 megawatts 
output) 

(2) SPS on the longitude of the site 

(3) North-south dimension a function of latitude; e.g. 

(a) 48® latitude, 23.05 kilometers 

(b) 35° latitude, 17.37 kilometers 

(4) No encroachment upon 

(a) Game preserves 

(b) Bird refuges 

(c) National Monuments 

(d) National and State parks 

(e) Indian Reservations 

(5) Maximum and minimum elevations in site to be within 
305 meters (1000 feet) of each other 
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(6) Miaimum displacement of persons and property 

(7) National Forest and existing farmland use acceptable 


In the siting analysis, a manual map search using aeronau- 
tical charts, contour plots, and roadmaps was employed. Population counts 
were derived from the *'Atlas of the United States/' The approach was com- 
posed of five steps. 

(1) Identification of promising areas 

(2) Check for agreement with ground rules 

(3) Check for fit of 3000-megawatt rectenna 

(4) If fit acceptable, 3000 megawatts assigned 

(3) If 3000 megawatts did not fit, 2300 megawatts was 
tried 

The relative sizes of 3000-megawatt and 2300-megawatt 
sitc;8 are illustrated in figure IV-2. 

b. Results 


Preliminary studies of rectenna siting have indicated 
that the number of potential sites is considerably greater than presently 
estimated requirements. Specific sites were identified in the three areas 
indicated with total numbers of sites as summarized in table IV- 1. 

It was found beneficial to have available in the inventory 
two sizes of receiving antenna. The two sizes used correspond to the power 
transmission link capacities (2300 and 3000 megawatts). If both 2300- 
and 3000-megawatt receiving sites could be employed, the total amount of 
power that could be sited was much greater than that for either size of 
receiving antenna alone. 

Specifically, if only 2300-megawatt rectennas were sited, 
383 gigawatts of capacity could be installed. If only 3000-megawatt rec- 
tennas were sited, 420 gigawatts of capacity could be installed (9 percent 
more than with 2300 megawatts alone). However, if both 2300- and 3000- 
megawatt rectennas are available, 393 gigawatts could be sited (42 percent 
more than with 3000 megawatts alone). This preliminary analysis indicates 
that potential sites exist for at least four times the 2000 A.D. require- 
ments. Siting in the energy-intensive Northeast was not investigated, but 
demands for that area might be met by modest interties from rectennas in 
the north-central United States* Alternatively, offshore rectennas may 
be possible and are discussed later. 

A number of sites in each utility region were selected at 
random for closer investigation of slope and other features that might 
presumably cause rejection. In general, most of the sites were quite flat. 
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That is, the average slopes were less than 3 parts in 100; however, most 
sites had small regions of local slope that might be considered to be ex** 
cessive (slopes of 30^ or more)* 

As shown in figure IV-3, the microwave beam from space ul- 
timately falls on some ground area* It is possible in this concept to lo- 
cate rectenna panels so as to receive all of the beam area even in regions 
of very extreme slope, but diffraction effects may cause some loss of per- 
formance for panels positioned far downbeam from adjacent panels as a result 
of steep slopes* Consequently, it appears that rejection of sites on the 
basis of slope must be decided individually, with economics as the criterion 

In investigation of specific individual sites, it might be 
decided to merely reject any site with localized slope* Alternatively, 
large-scale landscaping would be used* Also, it might be desirable, in some 
cases, to allow holes in the rectenna* That is, in the area of either ex- 
cessive slope or some other terrain features, it might be desirable merely 
to not construct panels and to allow the microwave beam to fail (wasted) 
directly on the natural or somewhat modified terrain* The consequences of 
reflection of the microwave power from such unused area need closer exam- 
ination* 


c* Conclusions 


This siting effort indicated that, in the three utility 
areas investigated, "potential” sites exist to more than fill the require- 
ments for electrical power for those regions in the year 2000* Because of 
the potential of excess sites, it might be possible to feed energy to the 
Northeast from rectenna sites in the north-central area, using modest in- 
terties. The benefits of having two rectenna and SPS sizes (in this case, 
5000 and 2500 megawatts) were obvious* Far more "energy from space" can 
be sited by having two sizes rather than with either size alone. Further, 
the siting of SPS rectennas will obviously require individual site investi- 
gation* Each site selected will be a compromise* That is, no site can be 
expected to be perfectly flat, with the most desired terrain, type of soil, 
drainage, etc. No site will be immediately adjacent to the required energy 
use point. Thus, each siting will be an engineering and economic compromise 

B. CONSTRUCTION CONCEPTS 


Current reference system concepts for rectenna structure and 
construction techniques are based on standard methods of implementation. 
Because of the large projected costs for these methods, automatic rectenna 
panel fabrication methods are desirable* Several studies have examined po- 
tential construction scenarios, various types of specialized heavy equipment 
and manpower for rectenna fabrication. Specialized machines for rectenna 
fabrication are expected to provide significant cor t-reduction benefits. 
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1 . RECTENNA CONSTRUCTION STUDY: ROCKWELL 


a* Site Requirements 

A rectenna site requires approximately 140 square kilo* 
meters (35 000 acres)* Figure IV-i shows a layout of a typical site* 

The inuer ellipse containing the rectenna panels, 10 by 13 kilometers, 
is about 100 square kilometers (25 200 acres) or 72 percent of the total 
area. The area surrounding the inner ellipse is used for maintenance fa* 
cilities, access roads, converter stations, and the two peripheral rows of 
towers which support the 40*kilovolt dc and 500*kilovolt ac cables. The 
outer perimeter of the area is fenced for security reasons* The towers 
which support the 500*kilovolt ac cables are constructed of steel girders 
footed in concrete and are approximately 70 meters (230 feet) high* Each 
inner tower is composed of four tapered steel columns 18.3 meters (60 feet) 
tall. Fifty*four of the larger towers and 401 of the smaller towers are 
required; the latter figure translates into 1604 tubular members because 
of the configuration. 

b. Panel Installation 


The panels are 9*33 by 14*69 meters and are attached to 
continuous concrete footings at eight points as shown in figure IV*4. 

A trade*off which considered eight individual footings versus continuous 
footings was made. A maximum wind force of 40 m/sec (90 mph) was assumed. 
It was determined that the amount of concrete required for either approach 
was essentially the same but that the continuous footing concept was easier 
to install. 


Threaded inserts are placed in the concrete during the 
pouring process and provide the means for mounting the panel attach fit* 
tings, which are capable of longitudinal and lateral adjustment. Screw- 
jacks are installed at each of the four rear attach points to allow for 
panel adjustment and alinement. 

Details of panel construction are shown in figure IV-5. 
Four standard size 20.3-centimeter (8 inch) I-beams, to which the attach 
fittings are secured, are spaced in the lateral (14.69 meters) direction. 
Galvanized steel hat sections (thin sheet, 0.051 centimeter (0.020 inch) 
thickness) of the dimensions as shown are mounted in the longitudinal 
direction (14.69 meters) and provide the mounting for the substrate con- 
taining the electronic components. The substrate (with components) is 
delivered to the onsite assembly plant in strips of 9.33 by 0.74 meters. 
The panels are supported in the inclined position by tubular steel members 
which provide an angle from the horizontal of 40° for this example (lati- 
tude, 34° N). Each panel weighs 2080 kilograms, of which approximately 
85 percent is steel. 

c. Construction Sequence 

The sequence of the nine primary operations attendant 
to construction of a rectenna site is shown in figure IV-6. It is assumed 
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that land acquisition has been ^complettd and that the environmental impact 
report and other necessary permits have been approved. 

Initially) site survey and engineering activities must 
take place. When these are completed) the first step is to install utili- 
ties (water) power) etc.)) access roads, and railroad spurs. Facilities 
must then be provided for equipment maintenance and servicing, logistics 
(material receiving and distribution), concrete production, panel assembly, 
crew support) and an operations center which coordinates all site construc- 
tion activity. 


Upon completion of support facilities installation, refer- 
ence coordinates for the clearing and grading of the 10- by 13-kilometer 
ellipse must be established. This operation is followed by site clearing 
and panel pad grading. 

The panel installation operations, the next series of 
events in the overall sequence, entail establishment of string lines (al- 
though use of lasers with multiple reflectors is a viable alternative), 
footing excavation, concrete pouring, panel fabrication and installation, 
and electrical hookup of the panels. Two periphery cable runs around the 
perimeter of the panel ellipse must be installed. The 40-kilovolt dc row 
will be located approximately 50 meters outside the ellipse; the 500-kilo- 
volt ac lines, about 500 meters outside. These two rows of cabling will 
be separated by converter stations. Although installation of this equip- 
ment is shown as the last steps in the complete operation, installation 
of the towers and stations could be started earlier on a noninterference 
basis with panel installation. The operational activities required for 
construction of the rectenna are summarized as follows. 


(1) 

Site 

survey and engineering 

(2) 

Support facilities installation 


(a) 

Utilities, road, and rail spur 


(b) 

Equipment maintenance and servicing 


(c) 

Materials distribution center 


(d) 

Concrete plant 


(e) 

Panel assembly factory 


(f) 

Construction control center 


(g) 

Crew support 

(3) 

Reference coordinates clearing and grading 

(4) 

Site 

clearing 
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(5) Panel pad grading 

(6) Panel installation operations 

(a) Setting of string lines 

(b) Excavation for footings 

(c) Pouring of footings and setting and alining 
of attach fittings 

(d) Fabrication and transport of panels 

(e) Installing and alining of panels 

(f) Distributing and installing of switches and 
feeders 

(g) Electrical connection and closeout of panels, 
switches, and feeders 

(7) 40-kilovolt dc bus installation 

(a) Distributing and installing of poles, switches, 
and buses 

(b) Electrical connection and closeout of poles, 
switches, and buses 

(8) Converter station installation 

(9) 500-kilovolt ac bus installation 
d. Construction Schedule 


The time allocated for construction of a rectenna site, 
exclusive of land acquisition and permits, is between 14 and 13 months. 
Figure IV-7 is a schedule for the major activities discussed in the preced- 
ing section. The equipment and crew requirements for each task which are 
developed in subsequent sections are predicated on this schedule. It is 
noted that approximately 270 days each are allocated for the major activi- 
ties. The schedule is based on a site location featuring relatively benign 
characteristics relative to timber and slope. Selection of a site featur- 
ing more extreme slopes or extensive timber would affect either the time 
line or the manpower and equipment requirements. 

e. Construction Operations 
(1) Industry Contacts 

A number of industry contacts were made to acquire 
more insight into procedures involved in clearing large land areas and 
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in large-scale equipment installation. These contacts, susnarized in 
table IV-2, included organizations that produce heavy, earthmoving equip- 
ment, that pour concrete for freeways, that supervise construction of 
installations such as the Sandia Thermal Test Facility (STTF), or that 
are involved in other activities having a bearing on the SPS Program. 

The data derived from these contacts are reflected in the types of equip- 
ment, equipment capabilities, and supporting manpower described in subse- 
quent sections. 


(2) Support racilities 

Approximately 3 months have been allocated for in- 
stallation of the facilities required to support construction of the rec- 
tenna panel farm. Initially, provisions must be made for availability 
of utilities, primarily water and electrical power. Existing roads and 
railroads must be supplemented by access roads and railroad spurs to pro- 
vide immediate access to selected portions of the overall site. 

Because of the large concrete requirements, it has 
been determined that the most practical method for satisfying these re- 
quirements is to establish a concrete mixing facility on the site. This 
facility would require some 100 000 square meters (23 acres), which would 
provide space for the concrete factory, a concrete truck loading area 
with multiple loading hoppers, and a storage area for the concrete ingre- 
dients. This latter area would be equipped with largely automated convey- 
or systems, which would transport the material to the mixing facility. 

This procedure and supporting equipment is inherent in modem large con- 
crete producing facilities. 

Since the rectenna panels are excessively large for 
delivery in the assembled configuration, a panel assembly facility also 
must be provided. Details of a facility concept are contained in a subse- 
quent section. 


In addition to these specific facilities, provisions 
must be made for maintaining the extensive rolling stock inventory and for 
receiving and storing the large amounts of material that will be required. 
Figure IV-8 is a typical site layout with facilities that must be installed 
to support the construction of the rectenna panel farm and peripheral 
electrical feeder installation. 

(3) Clearing and Leveling Operations 

Figure IV-9 is a representation of activities inci- 
dent to site preparation; included are bulldozing, grading, and dirt re- 
moval* The equipment pictured is based on current inventories of large, 
earthmoving equipment available on today's market. 

The clearing and leveling operations will occur at 
a number of locations within the panel farm perimeter. These operations 
consist of tree removal (if required), grading and leveling the terrain 
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to acceptable slope aogles, and removing excess dirt. Sixteen areas of 
the ellipse would be cleared and leveled simultaneously. 

Table IV*3 is a summary of the equipront and crew 
size required to complete the clearing and leveling operations in 9 months. 
Based on information obtained from industry sources, a 13-man crew equipped 
as indicated in the table can clear 32 375 m^/day (8 acres/day). This 
factor was used to project the total requirraents. It is noted that this 
operation has been restricted to one daily shift, or essentially daylight 
hours* 


(4) Footing Excavations 

Conventional trenchers are used tc excavate the 
0.31- by 0. 43-meter trenches, which will be filled with concrete to form 
the panel footings. A typical operation with two sets <»f trenchers in 
operation is shown in figure IV- 10. Each set of trench< 2 rs excavates the 
front and rear trench simultaneously and feeds the removed dirt into trucks 
that are stationed between the trenchers and that move at the same pace. 
VThen the truck is filled, it proceeds to the dumping area and another 
truck moves into position. 

Approximately 17 x lO^ meters of trench must be ex- 
cavated in 278 days. An excavation rate of 90 meters per hour per trench- 
er has been established as a figure representative: of the capabilities of 
current equipment. At this excavation rate, 38 trenchers and the dump 
trucks will be required. A round trip time of 1 hour was assumed for the 
dump trucks. These requirements are predicated on a 20-hour day, 7 days 
a week. 


Personnel requirements for this operation include 
trencher and truck operations, maintenance crews, and supervision, total- 
ing 324 men for 4 shifts (3 shifts per day, 7 days per week, 2 days off 
per shift week). Table IV-4 is a summary of both equipment and crew re- 
quirements. 


(5) Concrete Installation 

Concrete formers such as are used in freeway or road 
curb installation are used to pour the concrete in the trenches. In figure 
IV- ll, a concrete former is shown in operation. The formers, fed by concrete 
trucks, extrude a shaped ribbon at rates as high as 6 m/min, including the 
0.15-meter extension above ground level. No forms are required. The con- 
crete is poured into a hopper as shown, where it is transported upward by 
an auger to a ^^econd hopper which feeds the mules. Within the mules, the 
concrete is hydraulically vibrated to remove air pockets and to consolidate 
the concrete into a homogeneous solid mass before extrusion. Reinforcing 
steel bars are fed into the mule and inserted into the concrete during the 
extrusion process. Additionally, the attach points (e.g., threaded inserts) 
for the panel attach fittings are inserted into the concrete before extru- 
sion. Guideline sensors are provided as shown so that the rig can accurate- 
ly follow a line or wire, although laser control is a viable alternative. 
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Ten of these machines, including one spare, are 
required to install concrete in the 17 10^ meters o£ trenches. Two 

days have been allocated for concrete curing after installation. Table 
IV-5 is a sumary of equipnent and manpower requirements for completing 
the concrete installation in 270 days on a 3-shift, 20-hr/day, 7**day/week 
basis. 


After the concrete has cured, 8 attach fittings per 
panel, or a total of 4.6 x lo^ fittings, must be secured to the attach 
inserts embedded in the concrete. The equipment and crew required to 
deliver and install these attach fittings are shown in the lower portion 
of table IV-5. 


(6) Panel Fabrication and Installation 

Because of the panel dimensions, shipping completed 
panels from an offsite manufacturing facility to the rectenna site is not 
practical* The alternatives are to ship the prefabricated materials to 
the rectenna site and assemble the panels either at a centralized factory 
or on a mobile fabricator. The former concept has the advantages of cen- 
tralized material receiving and a protected environment but requires deliv- 
ery of completed panels to the point of installation. The mobile concept 
requires delivery of materials to many locations, which complicates logis- 
tics, and provides no environmental protection during the assembly process. 
However, double handling of the finished panels is not required. The cen- 
tralized facility was selected for this study. A concept for such a facil- 
ity is shown in figure IV-12. The factory has multiple assembly lines; each 
line consists of a materials feed station, a panel assembly, electrical hook- 
up of the 14.69- by 0.74-meter substrates containing the electronics, and, 
finally, checkout. It was assumed that one line using automated procedures 
could assemble and check out a panel in 40 minutes* On this basis, 72 
assembly lines operating 20 hr/day, 7 days/weok are required to produce 
380 300 panels in the allocated 270 days. Eight additional assembly lines 
have been specified as spares. 

After the panels have been checked, they are placed 
on an overhead conveying system and transported to loading stalls, where 
they are assembled into nine-panel magazines and loaded on specially de- 
signed trucks for delivery to the point of installation. Production rates 
and crew requirements are summarized in figure IV-12. 

Specialized equipment is required to deliver the 
panels from the factory to the installation point and to install them be- 
cause of their large dimensions. Use of cranes for lifting the panels from 
a delivery vehicle and lowering them to the attach position was considered 
but discarded because of potential difficulties involving windloads on a 
suspended object with a large surface area. After consultation with indus- 
try sources, a concept for a specialized machine was developed (fig. IV-13). 
The machine can carry as many as nine panels. The front and rear wheel 
pairs are each steerable as a unit and have provisions for height adjust- 
ment. Although dual wheels are shown at each corner, the bearing load 
could result in substitution of caterpillar track units. Power packages for 
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vehicle movement and hydraulic power are located on either side of the cen- 
tral stations located at both ends of the vehicle. The panels (not shown) 
can be translated laterally and longitudinally for final positioning before 
attachment to the footings. 

In figure IV- 14, a concept is shown for a panel maga- 
zine delivery truck which loads magazines of as many as nine panels each at 
the panel factory and transports them to the panel installation site. There, 
they are transferred to the panel installation machine. The delivery truck 
can be driven directly beneath the installation machine in order to transfer 
the panels. The panels are secured in the magazines by means of fixtures 
mounted in a vertical assembly which attach to the panel I-beams as shown in 
figure IV- 13. When the truck is positioned beneath the installer machine, 
the vertical fixture assembly holding the panels is secured to the hoist as 
shown in the middle illustration of the figure and elevated sufficiently to 
permit departure by the truck. At the right of the figure are shown movable 
L-shaped arms which attach to the bottom panel retention fixture and lower it 
to the proper position and angle for attachment to the footings. The reten- 
tion fixtures of the vertical fixture assembly are uncoupled when the panel 
has been secured to the movable L-shaped arms. 

The sequence of events just described is shown in 
figure IV-16. Commencing at the upper left, the delivery truck approaches 
the installer machine and then is positioned for magazine transfer. The in- 
staller machine is then elevated (lower left), the magazine is transferred 
and hoisted clear, and the truck departs* In the lower right of the figure, 
the bottom panel has been lowered into position for attachment. Panel in- 
stallation operations are shown in figure IV-17. The installer machine is 
straddling the two rows of footings. A panel has just been installed and the 
machine advanced into position for installing the next panel. 

The equipment and personnel requirements to assemble 
and install the panels in a 9-month period are summarized in table IV-6. The 
panel assembly requirements were discussed previously. An installation rate 
of 20 minutes per panel has been established. On this basis, 36 panel 
installation machines with 4 spares are required. Twelve panel delivery 
trucks (plus 2 spares) with a round trip time of 1 hour maintain the panel 
flow to the installers, using a total of 66 magazines. Approximately 
900 men (4 shifts) are required to operate the vehicles, attach the panels, 
and conduct checkout operations* This, when added to the assembly factory 
crew of 1872, results in a total of 2772 men required to assemble, install, 
and check the panels. 

f . Key Issues 

Five key issues which can affect rectenna constructability 
have been identified. 

(1) Site Selection 

The characteristics of a proposed rectenna site 
can have significant impact on schedule, manpower, and equipment require- 
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meats. Important factors in site selection include overall topography, 
drainage, type of soil, prevailing weather, and location relative to indus- 
try and transportation. 

( 2 ) Env ir onmen tal Impac t 

Considerable advance planning will be required to as- 
sure that the environmental impact report and other necessary permits are 
prepared and submitted well ahead of planned construction go-ahead. In some 
instances, as many as 3 years have been required for approval of these doc- 
uments. 


(3) Site Operational Control 

A site operational control plan is vital to effective 
construction operations of this magnitude. The plan must provide for com- 
munications, disposition of incoming material, traffic control of thf^ many 
vehicles involved, and a detailed operational sequence of events. 

(4) Lightning Protection 

Studies conducted at Rice University under contract 
to the NASA George C. Marshall Space Flight Center indicate a high prob- 
ability of multiple lightning strikes in an area the size of the panel 
farm. Lightning could result in both localized physical damage to panels 
and propagating damage to circuitry. The effects on rectenna reception 
of erecting a protecting rod on each panel have not been determined. The 
amount of copper required for grounding would be significant for this type 
of approach* This overall area requires additional study relevant to ef- 
fects and feasible preventive measures. 

(5) Resource Availability 

Material, manpower, and equipment requirements for 
construction of one rectenna site are considerable. Additional facilities, 
particularly for steel, may be required. The equipment requirements re- 
flect, for the most part, vehicles which are produced currently; however, 
ample leadtime for acquiring them in these numbers would be necessary. 

Sixty sites would be constructed in a 30-year period. Although the equip- 
ment could be transferred to the next site and reused, the current postu- 
lated schedule would require that several sites be under construction at 
any one time. 


Availability of manpower reflecting the required 
skills and in the required quantity constitutes a potential problem area, 
particularly in some areas, where the local labor market is inadequate. 
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2* RECTENNA CONSTRUCTION ANALYSIS; GENERAL ELECTRIC 


General Electric conducted an analysis of rectenna structure 
and construction processes* This section is a synopsis of their results. 

a. Task Description 

For purposes of analysis, the overall project is divided 
into tasks, which are completed in serial fashion; i.e*, task 1 must be 
complete before task 2 can be started, etc. Within each task, all jobs are 
conducted in parallel, paced by the "slowest machine" in the task. This is 
a simple artifice to assure that no attempt is made to place superstructure 
into footings not yet dug or to make panel assemblies without enough parts 
yet made. Task allocations are given in table IV-7. 

A preliminary concept for a 10-- by 12-kilometer rectenna 
site is shown in figure IV-18. The east-west road is about 7 kilometers 
long, from staging area to the west lateral. The east and west lateral 
(north-south) roads are taken to be 6 kilometers long, and the center lat- 
eral is 9 kilometers long. Based on these distances, the following average 
travel distances for all construction "move" tasks have been used: an on- 
road distance of 10 kilometers and an offroad move distance of 1 kilometer. 

This estimate is almost certainly high, and the total hauling cost for 
the construction task is only $24 million. 

Figure IV-19 is a simple illustration of a rectenna "mod- 
ule," which will be repeated 1 238 350 times. It contains the equivalent of 
six of the 3.3- by 3-meter panels. 

The concept used is based on minimum site preparation. The 
trees on the site will have to be cut down, and the logs will be moved back 
to the staging area, where they are sold. Stumps will be left in place, un- 
less they happen to occupy the location chosen for a footing hole* In that 

case, assumed to happen once every 50 modules, the stump is removed with a 

bulldozer. The bulldozer also backfills the cavity and compacts it to 
enable drilling of a footing hole. 

Except for grading and graveling roads, and removing trees 
and underbrush, nothing is done to the site. A rectenna can be built wher- 
ever a bulldozer can be driven. 

The main active rf configurations considered are shown in 
figure IV-20. At the midterm briefing, the "printed honeycomb" and the 
"low drag" configuration concepts were discussed. However, when the time 
came to start doing actual construction and manufacturing cost analysis, it 
was concluded that the design basis was insufficient to support a costing 
exercise. The low-drag version of the baseline was considered briefly, 
until it was noticed that the rf shield effectively blocks the lower dipole 
from receiving microwave radiation. This problem caused a return to the 
original baseline configuration. It should be noted that all three concepts 
impose substantial lifting forces on their supporting structures. 
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The baseline structure is shown in figure lV-21. On the 
assumption that tons of materials will be needed to avoid upward loads on 
the footings, the cheapest choice is concrete, reinforced or prestressed 
as necessary to support the applied loads. Using an automated factory 
(fig* IV-22), these piers can be made for about $26 assumed for reinforcing 
bar. No stress analysis has yet been done to support these estimates. 

b. Dipole Machine 

The operation of a multistation transfer machine simulta- 
neously making the baseline dipole/diode assembly is shown in figure IV-23* 
The machine illustrated is part of a complex of three machines making fore- 
plane assemblies. Each set of machines is assumed to cost $1.0 million and 
to be capable of manufacturing 150 10-meter foreplane strips every hour. 

The total cost for the 120 sets of machines, not including material, is 
$161.6 million. The cost of material, which will be examined more closely 
later, is the driving factor in total rectenna cost. 

The flow needed to assemble a 3- by 10-meter rectenna 
panel from all the component parts is illustrated in figure IV-24. The 
process is assumed to be highly automated, with only two machine tenders 
for each panel assembly machine. The cost of this assembly machine is 
$3.3 million. 


Figure IV-22 is an artist's concept of an automated plant 
to produce the concrete support structure for the rectenna panels. The 
sketch shows only two conveyor belts carrying forms past the pouring chutes, 
but in the overall concept, each machine would have five suca belts, each 
casting an arch every minute, for a total of 250 arches produced every 
hour. Each machine costs about $2 million and has four operators. Ten 
such machines are used to produce the 3 750 000 arches needed in 9 months. 
The equipment amortization for this equipment is $3.3 million, and the 
total cost to make all of the arches for one rectenna is $177 million, 
of which $139 million is materials, including $100 million for reinforcing 
bar. 


This is a good place to mention that two kinds of arches 
are used: ''regular” and ''special.*' The regular arch is shown in figure 

IV-21. It supports the rectenna panels with the lower edge 2 meters above 
the ground. This is not high enough to permit trucks to pass under the 
rectenna on the north-south roads; therefore, special arches are used 
over north-south roads to increase the clearance to 4 meters. 

Several specialized construction machine concepts were 
developed. These machines incorporate a design philosophy generally simi- 
lar to that used for roadbuilding equipment but are tailored for the rec- 
tenna construction task. An example is the concept shown in figure IV-25 
for a machine to drill footings. This concept implies work on soils that 
are reasonably cohesive and do not have much rock near the surface. Small 
rocks are broken by the jackhammer action of the tip (when needed) so that 
boring is not interrupted often. Another machine is used to handle large 
rocks, assumed to occur once for every hundred modules constructed. The 
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machine shown here is assumed to cost $250 000 and is capable of drilling 
10 pairs of holes in an hour. The capital cost charged to one rectenna 
for this machine is $10.4 million. The total cost to drill all of the 
footings with this machine is $23.7 million. 

Figure IV-26 shows the rectenna panels being delivered 
to the field and installed. 

c. Five-Gigawatt Rectenna Construction Concept 

Figure IV- 27 is an artist's concept of the entire rec- 
tenna construction approach, using automated equipment for field erection 
of the many rectenna modules. Each "module" has three prestressed con- 
crete "piers" or "arches" supporting two rectenna panels 3 meters wide 
and 10 meters long. This panel size was selected as being the largest 
panel that could be conveniently moved over offsite roads. Initial panels 
built at an onsite staging and manufacturing area, as in this concept, 
could be made larger. However, panels needed to replace any damaged by 
accident would have to be moved by highway to the damaged rectenna. 

The 6-meter width of these panels was derived by using a 
double-width version of the design described in the final briefing. This 
width is adequate to provide a roadway between rectenna rows about 4 meters 
(13.12 feet) wide and a clearance of 5 meters (16.4 feet). 

A "grassroots" (detailed estimating) computer cost model 
was developed for the cost analysis. At the onset, the distinction between 
major and minor cost elements was not apparent. Therefore, it seemed that 
the best approach would be to divide the whole job into a number of pieces 
small enough to be amenable to analysis, and for which an opinion could be 
developed about the cost of doing that job, and then to estimate all of 
the kinds of costs involved in doing each small job thousands or millions 
of times. 


The input data are stored in several data files. More 
than 1675 pieces of input data are needed to run the program, and they must 
be in order, formatted exactly, and so on. However, using a text editor, 
any piece of data can be quickly changed. 

The model flow is shown in figure IV-28. The cost matrix 
has 12 375 cost bins to hold intermediate results. Most of the bins are 
empty, since only a few jobs are active at any time, and not every task 
generates every category of cost. This matrix is printed, so that detail 
data are available to permit trade-offs to be done at any level of cost 
accumulation. 


Cost results are summarized in table IV-8 and figure IV-29. 
The total SPS ground system cost is about $2 billion. This cost excludes 
land and development of the rectenna and associated special-purpose equip- 
ment. About one-third of the ground system cost is in the ground power 
distribution and transmission. The other two-thirds of the cost are in the 
rectenna itself; this includes the cost from the dipole elements up to the 
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wiring of the converter stations* The bulk of the rectenna cost| $1014 
million, is in three materials: (1) diodes, $298 million; (2) steel, $449 

million; and (3) aluminum, $267 million* Labor and capital costs are very 
low by comparison* 

3* OFFSHORE RECTENNA FEASIBILITY: RICE UNIVERSITY 

Rice University, with subcontracts to Brown and Root Develop- 
ment Inc* and Arthur D* Little Inc*, has performed a preliminary study of 
the feasibility and cost of an offshore rectenna to serve the upper metro- 
politan east coast* The study was begun by first locating a candidate 
site at which to build a 3-gigawatt rectenna. The site was selected on 
the basis of proximity to load centers, avoidance of shipping lanes, sea 
floor terrain and conditions, etc. Several types of support structures 
were selected for study based initially on the reference system rectenna 
concept of a wire mesh ground screen and dipoles, each with its own recti- 
fier and filter circuits. Possible secondary uses of an offshore rectenna 
also were studied. The principal results of this study are as follows* 

a. Suitable candidate sites exist off the northeast coast 
and probably all along the east coast and Gulf of Mexico* 

b* Hurricane and winter storm conditions were examined for 
this area and a set of environmental criteria was 
established* 

c* The winter storm criteria plus tests done at Rice Univer- 
sity under icing conditions lead to the conclusion that a 
protective radome will be required over the active elements 
of the rectenna including a portion of the ground plane* 
This conclusion probably also holds for land rectennas 
located everywhere except perhaps in the desert southwest* 

d. For the reference system rectenna (using a wire mesh 

ground plane and individual dipoles), a double-pendulum, 
two-level rectenna panel which can swing freely is suit- 
able (fig. IV-30). 

e* Approximately 23 000 support towers would be required 

for a 3-gigawatt antenna using the reference system rec- 
tenna. 

f. Four different types of support tower structures were 
studied and costed* The least expensive of these was 
the piled guyed tower (fig. IV-31). 

g. For the 49.4-meter (162 foot) water depth site examined* 
the total cost of a 3-gigawatt rectenna using the piled 
guyed tower and reference rectenna panel is estimated at 
$36 billion. This concept was considered excessively 
expensive for serious consideration* 
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h. The water depth, wind loading, and soil condition cost 
sensitivities were examined. None of these factors could 
be altered sufficiently to significantly reduce the cost. 

i. Based on the foregoing, the only substantial way to reduce 
the cost of the offshore rectenna is to reduce the number 
of support towers or to use a fully srrface floating sys- 
tem. Reducing the number of support towers requires a 
change in the type and mass of the rectenna panels. 

j. The number of support towers can be reduced from 25 000 
to 3000 by eliminating the ground screen and adopting an 
image dipole reflector antenna (fig. IV-32) wherein each 
dipole plus reflector element is supported individually 
by cables which also carry the power from the dipoles 
(figs. IV-33 and IV-34). This is called the clothesline 
concept. Each dipole plus reflector is individually 
encapsulated to protect it from the weather. 

k. The cost of the clothesline concept for the 49.4-meter 
water depth site is estimated at $5.7 billion. 

l. The cost-reduction potential possible with new rectenna 
concepts was demonstrated. The clothesline concept i3 
only one of several possible concepts. Time and fiscal 
constraints have prevented examination of other concepts 
such as a surface floating rectenna. However, Peter 
Collins in Great Britain has very roughly estimated the 
cost of a North Sea floating rectenna at about $6 billion. 

m. Secondary uses, in particular mariculture, appear to be 
promising adjuncts to the offshore rectenna. The possi- 
bility of wave energy extraction has also been examined 
briefly. Such secondary uses do not appear to constrain 
the basic rectenna design significantly. 

n. A major problem identified with the reference rectenna 
offshore version is the sea birds which will be attracted 
to the vicinity of the rectenna and will land and roost on 
it. This problem requires further study, but it appears 
that the more open structure of the clothesline concept 
will reduce the bird problem somewhat. 

The following issues remain. 

a. The optimum design from the standpoint of cost and reli- 
ability has not been determined. Specifically, a surface 
floating system has not yet been studied. Because of the 
different cost per unit area for a sea antenna, the optimum 
size may not be 10 kilometers. 
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b. A great deal of research needs to be done on the efficien- 
cy of various types of receiving elements* For example, 
whether the dipole without a ground plane has an adequate 
conversion efficiency is not known* Results of a Rensse- 
laer Polytechnic Institute study of higher gain antenntis 
suggested that they might have substantial advantages for 
land rectennas* These need to be examined for offshore 
rectennas as well. 

c. The reradiation of harmonics and noise is a major problem 
area requiring investigation* 

d. Much remains to be done in the area of survivability and 
environmental protection of the rectenna, particularly 
against birds and corrosion. 

e. Little is known about secondary use potential. 

f. A careful study should be performed on the feasibility 
of combining the rectenna with a hydrogen generation 
plant. The electricity from the rectenna could be used 
to generate hydrogen by way of electrolysis. The wave 
energy extraction adjunct needs further study. Also, 
mineral extraction from seawater should be examined. 

In suirmary, the feasibility of an offshore rectenna near east 
coast load centers has been demonstrated. The practicality of such a sys- 
tem has not been demonstrated, nor has the design been optimized for cost, 
efficiency, or minimal harmonic reradiation. The secondary and fuel genera- 
tion uses remain to be fully explored. Even at this early stage, it is 
apparent ♦‘hat the offshore rectenna feasibility is Sufficiently great that, 
with the significant advantages of no land requirements and removal of the 
radiation from populated areas which may offset any additional costs, fur- 
ther investigation should be pursued. 
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TABLE IV-1.- POTCNTIAL SSCTBNNA SITES IDENTIFIED 


Utility region 

Number of 
rectenna 

sites for 
size of - 


5000 MM 
(a) 

2500 MW 

Bonneville Power Administration 

25 

27 

Mid-Continent Area Power Pool 

51 

34 

Southern California Edison 

8 

9 

Total 

84 

70 


^Also suitable for 2300-megawatt rectenna. 
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TABLE lV-2.- INDUSTRY CONTACTS 


OrganlBaCion conaulted 

Purpose 

Society of Manufacturing 
Engineers 

To obtain technical data on 
roboticals and technology 
status 

Riveraide Cement Co. 

To determine rectenna cement 
and concrete requirements 
and processes 

Modern Alloys^ Inc. 

To discover methods and 
equifNiient for continuous 
placement of rectenna panel 
concrete footings 

Sandia Solar Thermal 

To compare STTF construction 
and handling approach with 
SPS rectenna requirements 

Townsend and Bottum, 
construction managers, 
lO-MW solar plant in 
Barstow, Calif. 

To obtain information on site 
prepar.^ Lion and cons t rue t i on 
operations 

American Bridge Div., 
United States Steel 

To determine steel requirements 
and construction approach 
for installation of rectenna 
panels 

Alpha-Beta Distribution 
Center 

To analyze materials handling 
systems 

Caterpillar Tractor Co. 

To study earthmoving and 
grading equipment 

International Harvester 

To study earthmoving and 
grading equipment 

Southern California 
Edison 

To obtain information on dc 
and ac power distribution 
1 ines and towers 
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TABLE IV-3.- REQUIREMEHT: FOR CLEARING AND 
LEVELING OPERATIONS 


Shifts 1 

Maximum average grade 1:30 

Land type Nonforested 

Schedule, months 9 

Area, km^ (acres) 141 #6 (35 000) 

Rate, m^/day (acres/day) 526 091 (130) 

Crew requirements 
Composition 

Road grader operators 4 

Bulldozer operators 3 

Dump truck operators 3 

Crane operators ^ 

Backhoe operators 1 

Total *13 

Number of crews 14 

Total operators 208 

Support personnel ^72 

Total onsite crew ^280 

Major equipment requirements^ 

Road graders 67 

Bulldozers 50 

Dump trucks 50 

Cranes 34 

Backhoes 17 


^Based on 32 375 m^/day (8 acres/day). 

6 15 percent maintenance, 10 percent servicing, and 
10 percent supervision, based on number of operators. 

^Based on three crews per row, greater than five 
rows per day. 

“For 16 crews plus 5 percent standby. 


TABLE IV-4.- REQUIREMENTS FOR FOOTING EXCAVATION 


Shifts 3 

Operation time, hr /day 20 

Schedule, months 9 

Total trench length, ®17xl0^ 

Trenching rate, m/hr 3140 

Trench section, m3/m length ^0.1 

Excavation volume rate, m^/day 302 

Equipment requirements^ 

Unit 

Composition 

Trenchers ^2 

Dump trucks I 

Number 18 

Total 

Trenchers® 38 

Dump trucks^ 26 

Crew requirements 

Trencher operators 38 

Dump truck operators 26 

Total 64 

Supervisions 7 

Servicing/maintenance^ 10 

Total per shift 81 

Total for 4 shifts 324 


®8.5 X 10^ meters of double footings. 

^0.31 by 0.31 meter. 

^Includes 3 percent standby. 

^ne front footing; one rear footing. 

^Approximately 90 linear meters per hour and 
8.5 m^/hr each machine. 

f 52-cubic*meter capacity; 1 hour round trip dump time. 
SlO percent of number of operators. 

^15 percent of number of operators. 
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TABLE IV-5.- REQUIREMENTS FOR FOOTING INSTALLATION 
(CONCRETE AND ATTACH FITTINGS) 


Item Value 


Concrete pouring 


Requirement 

Total footing, m 17x10^ 

Volume, (yd^) 

Total 3.06x10^ (4x10^) 

Per panel 5.2 (6 8) 

Per day 11 178 (14 620) 

Reinforcing steel, kg 

Total 139x106 

Per day O.SxlO^ 

Equipment 

Concrete delivery trucks 

Quantity 190 

Capacity, (yd^) 7.6 (10) 

Concrete forming machines 

Quantity 10 

Forming rate, m/min 6 

Crew 

Per shift 289 

Per 4 shifts^ 1156 


Panel attach fitting installation and alinement 


Requirement 

Total quantity 4.6 x1q6 

Per day 17 200 

Equipment - Tractor-trailers 40 

Crew 

Per shift^ 80 

Per 4 shifts^ 320 


^Including support personnel. 
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TABLE IV-6.- PANEL ASSEMBLY AND INSTALLATION REODIREMENTS 

(a) Equipment 

Panel assembly factory 1 

Assembly lines^ 

On-line 72 

Standby^ 8 

Total 80 

Panel installation machines*^ 

On-line 36 

Standby^ 4 

Total 40 

Magazine delivery trucks*^ 

On-line 12 

Standby^ 2 

Total 14 

9-panel magazines 

On installers 36 

On trucks 12 

On loading dock at factory 12 

Spares 6 

Total 66 


^Assembly time: 40 minutes per panel; production 

capability of 72 lines: 108 panels per hour. 

^For servicing, maintenance, and dovmtime. 

•^Installation time: 20 minutes per panel; production 

capability: 60 panels per 20-hour day each. 

•^Delivery rate: 9 panels per delivery each, 108 

panels per hour for 12 trucks; delivery time: 1 hour 

round trip. 
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TABLE IV-6.- Concluded 


(b) Crew 


Panel assembly factory 

Assembly 

Electrical and checkout 

Loading 

Materials distribution 

Servicing and maintenance 

Supervision 

Total per shift 

Total for 4 shifts 

Magazine delivery truck 

Drivers 

Servicing and maintenance 

Supervision 

Total per shift 

Total for 4 shifts 

Panel installation 

Riggers 

Machine operators 

Total per shift 

Total for 4 shifts 

Machine servicing and maintenance • . . 

Supervision 

Total 


216 

144 

12 

18 

36 

42 

468 

1872 

12 

2 

1 

15 

60 

ei44 

f36 

180 

720 

20 

100 

840 


®Four riggers per crew; 36 crews. 

^One machine operator per crew; 36 crews. 


TABLE lV-7.- TASK DESCRIPTION 


Task 

Description 

Time, 

months 

No. of 
workers 

1 

Initial site preparation 

3 

239 

2 

Complete site preparation 

5 

306 

3 

Structure construction 

8 

706 

4 

Rectenna panol manufac- 
ture and installation 

9 

327 
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TABLE IV-8.- SPS GROUND SYSTEM COST 


Type 

Sensitivity 

Total cost, 
1977 dollars 

Rectenna 



Material 



Diodes 

4c/<5iode 

298x10^ 

Steel in panels 

15.8 kg/m3 

349 

Aluminum busbars 
(0.05 by 1.27 cm 
(0.02 by 0.5 in.)) 

165 000 t 

267 

Structure 



Concrete 

(6- by 10-m 
module) 

9 t /module 

81 

Steel (rein- 
forcing) 

300 kg/module^ 

100 

Labor 


50 

Capital cost 

Typical machine life is 
5 yr; cost to project 
only during use 

40 

Miscellaneous 


175 

Total 


1360 

Ground power dis- 
tribution and 
transmission^ 


630 

Total^ 


1990 


^100 kilograms per arch; three arches per module. 
^Per SPS Phase III final review. 

^Excluding land and development cost. 






North' south dimension. 


V s 


Spaoe^ground** 
interface 


40'kV dc bus 

Rectenna panels 
Outer fence 


Construction access 
road 


50(NcV ac bus (typ) 

(3-phase, 60-Hz) 

Power conversion station (typ) 
Storage and 
maintenance 
area 

User power 



transmission (typ) 
(3*pha», 

60-Hz) 


Utility 
interface 

Main entrance 

Rectenna control 
center 


Pilot beam transmitter 


Not to scale (panel area 10 by 13 km) 

Figure SPS system showing rectenna details. 



Figure IV-2.- Rectenna dimensions. 
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South 



Figure IV-3.- Illustratioa of the manner in which rectenna elements can 
be located to ensure reception of the SPS power beam under conditions 
of extreme slope. Rejection of rectenna sites on the basis of slope 
will be a function of construction economics. 
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Figure IV-5.- Rectenna array support structure. 
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Site survey engineering Support facilities installation Reference coordinates 



40>kV dc bus installation Converter station installation 500-kV ac bus installation 



Figure IV-6.- Rectenna construction sequence. 


Site preparaitCn 

• Site survey. arcni;?rtur8l and engineering planning 

• Utilities and facilities 

• Reference grid 

• Clearing and grubbing 

• Grading 

• Rail and road installation 
Rectenna construction 

• Concrete footings 

• Panel assembly 

• Panel installation 

• Control center construction 
e Electrical hookup and checkout 

• 40'kV ac bus installation 

• Converter stations 

• 500-kV/ ac bus installation 

Figure IV-7.- Rectenna site construction schedule. 


Time, months 
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Figure IV-9.- Clearing and leveling operations. 
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Figure IV-10.- Footing excavation. 


N 



Figure lV-11.- Concrete installation. 
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Production rate: 

108paneis/hr 

12 9-panel magazine loadings/hr 

Crew requirements: 

3 men at assembly station 
2.men at electneat station 
5 by 72 assembly lines 360 

Magazine loaders 12 

Materials distribution 18 

Servicing/maintenance 36 

426 

Supervision 42 

Shift crew 468 

4shiftcruws 1872 


l 50 DDD 
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Figure IV-12.- Central panel factory. 



Figure IV-13.- Panel installation machine. 
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Figure IV- 18*- Site plan. 



Figure IV-19.- Rectenna module. 
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Figure IV- 20.- Three panel 


concepts. 



Figure lV-21.- Prestressed concrete arch used in baseline structure. 
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Figure lV-22.- Arch casting factory. 



Figure lV-23.- Dipole machine. 
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Labor 



Figure IV-28.- Operation of the cost model. 



Miscell' Complete Materials 

aneous rectenna 



Figure IV-29.* Rectenna cost distribution. 


133 








cr ?uo:’ - 



Figure IV-32.- Diagram showing encapsulated non-ground-plane diode and 
detailing electronics and supporting arrangement* 



Figure IV-33.- Diagram shoving section of 30.5- by 30.5-metet (100 by 
100 foot) non-ground-plane dipole microwave receiving arrangement. 
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V. OPERATIONS AND MAINTENANCE 


A. SATELLITE 


The bulk of the SPS components are hi^ly reliable, redundant, or rel* 
atively inert. Most satellite maintenance will involve periodic replacement 
or refurbishment of microwave antenna elements. Even though the reliability 
is fairly high, cumulative failures of these active elements over the SPS 
lifetime would result in an unacceptable degradation in performance. Alterna- 
tive concepts for maintenance are a permanent maintenance base and crew at 
each satellite or mobile maintenance crews who return to one of the GEO con- 
struction bases with components to be refurbished. The latter concept is 
illustrated in figure V-1. 

At the GEO base, maintenance workers board a mobile crew habitat. 

Along with maintenance equipment and replacement components, they travel to 
an operational SPS, which has been shut down before their arrival, and dock 
to the satellite's antenna. Using built-in equipment (e.g., cranes and 
cherrypickers) , over a 3.5-day period, they remove defective components and 
replace them with new or rebuilt parts. Defective components are returned 
to the GEO base. The crew, mobile maintenance equipment, and replacement 
parts then move on to the next satellite, visiting as many as 20 satellites 
in a 90-day period, which is ''onsistent with crew rotation time. 

At the GEO base, other crewmen diagnose defective components, repair 
or replace them as appropriate, reassemble, and test. When possible, the 
refurbished components can then be reused on other SPS's* 

For 20 satellites, a mobile maintenance crew requires about 80 people 
with about another 300 needed for the refurbishment work. The crew size 
varies with the number of satellites in service. 

The primary components on the reference satellite which require main- 
tenance are the klystron tubes and the dc-dc converters. These parts are re- 

moved from the satellite and transported to the GEO construction base, wliere 
they are refurbished. Because of the circuit redundancy inherent in the de- 
sign, maintenance of the solar cell blankets is not considered cost effec- 
tive. If degradation of the output of the silicon cells due to radiation be- 
comes a factor in SPS output, the cells must be annealed or the array over- 

sized. A concept for annealing the damage by heating the cells with a laser 
system was defined for the silicon system. On the gallium cell satellite, 
the cells are annealed by operating at a temperature high enough to cause 
self -annealing. 

1. SATELLITE MAINTENANCE CONCEPT: ROCKWELL 

The permanent satellite maintenance base is located on the first 
frame adjacent to the rotary joint since the bulk of the maintenance activity 
is anticipated to be on antenna components. (For a center-mounted antenna 
configuration, the base would be located on one of the two center frames.) 
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a. Antenna 


Klystron maintenance is anticipated to be a major portion of 
the overall maintenance effort* The population of approximately 136 000 
klystrons is life limitea and also can be expected to encounter a hig^ number 
of random failures* Currently^ mean times to failure (MTTF^s) of more than 
150 000 hours are being projected for traveling*wave tubes (TWT's), wliich are 
somewhat similar to klystrons* The primary life-limiting factor is the 
cathodes. Even if klystrons reflecting SPS requirements can be developed 
with similar HTTP's, a virtually total replacement would be required over a 
30-year period. An alternative would be to develop a klystron design which 
would permit changing the cathodes without removing the klystron. 

Because of the thermal interface between the klystrons and 
the heat pipes, definition of a line replacement unit (LRU) is not clear at 
present. Preferably, an LRU would co':i8i8t of a klystron cathode or a klys- 
tron but could be a power module or higher assembly. Regardless of LRU defi- 
nition, means for removal and replacement will be provided by the gantries or 
cable-mounted platforms (i.e*, see Sec* 111*0*2), which provide access to 
both sides of the antenna* These platforms will be equipped with the special 
equipment needed to perform maintenance on both the face and the underside 
of the antenna* Since shutdown will be required during maintenance, it is 
anticipated that degradation to a predetermined point would be tolerated 
and that a nonoperating period of some days might be required for complete 
restoration of funccicns. 

b. Power Distribution 

The components comprising the power distribution system 
(PDS) (e.g., switchgears) generally are more reliable and fewer than the 
klystrons, but random failures can be expected. (PDS elements on the back 
side of the antenna are accessible to the antenna gantry.) Because of the lo 
cations of these components in the bottom crossbeams of the troughs, the dis- 
tance of a disabled component from the maintenance base could approach 16 000 
meters for an end-mounted antenna configuration. Removal and replacement 
of PDS components, tlen, will require either an extensive track system or a 
free-flying facility with the capability of an MMM plus space for components. 
Since maintenance operations would be sporadic and would occur at various 
locations, a free-flying concept appears to be preferable to an extensive 
track system, vdiich would have to provide access to every crossbeam through- 
out the length of the satellite as well as to other areas. 

A version of the f^ee-flying concept could consist of an 
arrangement similar to the vehicle ho%m in figure 111-73, but somewhat 
smaller. The MMM would be equipped with special grabber arms for attaching 
to a 2-meter beam (fig* V-2) and providing a measure of stability during the 
operation. Sections of the solar array will be deactivated during mainte- 
nance periods, ttoweve’*, temperatures of 398 K (125 C) or higher may be en- 
countered at the bottom of the trough. Dependent on detailed design charac- 
teristics and the type of materials used in MMM construction relating to ther 
mal control, it may be necejsary co work from the underside of the crossbeam 
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rather than the top* This approach would slightly restrict the access, 
but the operations still could be accomplished* 

c. Solar Blanket/Reflector 


The design and the sizing of the solar blanket/reflector are 
predicated on the degradation expected over 30 years, including meteoroid pen- 
etration. To effectively immobilize a large section of solar blanket would 
require some kind of catastrophic event (e*g*, large meteor, collision). The 
isolation, removal, and replacement of small solar blanket sections with the 
many interconnects does not appear feasible at this time. Replacement of an 
entire 25- by 750~meter strip by use of free flyers also does not appear prac- 
tical. The alternative of using permanently installed equipment mounted on 
tracks or cables would require an installation in each bay of each trough, 
totaling 60 sets; most of these installations probably would not be used dur- 
ing the satellite life because of the low probability of catastrophic events. 
Therefore, the current design is based on acceptance of the predicted degrada- 
tion and includes no provision for blanket strip replacement. 

The same rationale applies in general to the reflector sheets, 
which are considerably larger. However, in the event of a large perforation 
or tear in the reflector, it may be possible, by use of free flyers, to treat 
the edges of the perforation in some manner to avoid propagation. 

d. Attitude Control 


Servicing and maintenance of the reaction control system, in- 
cluding thruster replacement, will be accomplished by the same type of vehi- 
cle (beam-grabbing MMM) used for the PDS. 

e. Conclusions 


With the exception of solar blanket and reflector replace- 
ment, maintenance of the satellite subsystems is feasible. Partial or com- 
plete satellite shutdown will be required for conducting maintenance in some 
areas. More detailed design information for both satellite subsystem instal- 
lations and manned manipulators will be required before maintenance opera- 
tions can be defined in any great detail, time lines established, and satel- 
lite downtime assessed. 

2. OPERATIONS CONTROL CONCEPT: BOEING/TRW 

a. Introduction 


A concept has been developed for the integration and coordina- 
tion of SPS Program operating activities which will assure that all program 
requirements are satisfied, that the program is accomplished in a timely fash- 
ion, and that a mechanism exists for solving problems that require essen* 
tially real-time solution (e.g., orbital anomalies). This concept embraces 
the activities of all operating elements of the SPS system, including those 
illustrated in figure V-3. plus the industrial complex and the surface trans- 
portation system. 
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The concept was developed by defining, at a suinmary level, 
the tasks that must be performed to assure proper execution of the program. 

To make this definition, the program was divided into major activity groups 
and the tasks performed by each group were defined* The tasks thus defined 
were expanded and regrouped, and additional major activity groups were de- 
fined. After several iterations, it was established that the program can 
be divided into 12 groups, or ••local operations," each of which will coor- 
dinate and integrate all of the activities and tasks performed within that 
group. The activities of these 12 local groups or operations will in turn be 
coordinated and integrated by a central group called ••integrated Operations.*' 
Thus, Integrated Operations will be the top-level planning and technical orga 
nization, which will be responsible for the execution of the program. The 
total coordinating and integrating concept consisting of the 12 local opera- 
tions, plus Integrated Operations, comprises the "Operations Control Concept. 

The results of this analysis also indicated that it would be 
desirable to place 11 of the 12 local operations in a central location to- 
gether with Integrated Operations. This arrangement provides ease of communi 
cation and makes possible the use of common computing and space ccmmunication 
equipment . 


For costing purposes, an estimate was made of the manpower 
required in each of the local operations as well as in Integrated Operations. 
The ground rules used in developing the concept and the manpower estimates 
are as follows. 

(1) The period in the program to which the concept applies 
is the time at which 20 SPS*s have been completed and 
are in operation with their associated rectennas. 

(2) Two additional SPS's and rectennas are being completed 
and becoming operational each year. 

O"' To the extent possible, authority will be delegated to 
the local operations which are responsible for perform- 
ance of the tasks. Thus, there will be as much local 
autonomy as possible. 

b. Integrated Operations 

The function of Integrated Operations, the central organiza- 
tion, is to coordinate and integrate the activities of the 12 local opera- 
tions to assure that all program requirements are satisfied and that the pro- 
gram is accomplished in a timely fashion. It is the central authority which 
will monitor the day-to-day progress of the program, determine the solution 
to any problems which develop, and implement the action to correct these prob 
lems, including problems that must be solved in real time or as near real 
time as possible (such as orbital anomalies). 
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To develop the organization required to accomplish the de- 
scribed objectives, an analysis was made of the specific activities involved. 
The existence of certain coomon functions which Integrated Operations will 
perform with respect to the activities of each local operation rapidly became 
apparent. These tasks are listed and described in table V-1. 

c. Maintenance Access Systems 

The fundamental premise in the maintenance access systems 
analysis was that every SPS component (except structural members) must have 
a maintenance equipment access provision (even components that have a negligi- 
ble failure rate). It was deemed prudent to force this requirement so that 
unexpected failures could be attended to. Ten general maintenance access re- 
cuirements were identified (table V-2). The alternative maintenance access 
systems for each of these locations are given in table V-2. These 10 access 
requirements can be satisfied by combinations of built-in tracks, a flying 
cberrypicker , a rotary boom, and some gantries (fig. V-4). 

The configuration of some of the components to be serviced 
from the top surface of the solar collector is illustrated in figure V-5. 

The baseline satellite has a requirement for some solar array annealing 
machines, which would be racunted on gantries that can traverse over the top 
surface of the solar collector. Four gantries operate on a built-in track 
network on the satellite. These gantries and tracks provide a readymade main- 
tenance access system for reaching the entire upper surface of the solar col 
lector. It will be necessary to get a maintenance cberrypicker onto the 

gantries to perform maintenance on the solar array components (tensioning 

devices, catenary cables, and cell string blocking diodes). 

A flying cberrypicker would rendezvous with a gantry to which 
a flying cberrypicker carriage is attached. This carriage has a docking in- 
terface to which the cberrypicker would mate. This carriage would then tra- 
verse across the gantry as required. A flying cberrypicker was employed be- 
cause there are not enough maintenance tasks to warrant the expense of a per- 
manent cberrypicker installed on each gantry. 

d. GEO Base Maintenance Support Systems and Operations 

The objectives of the GEO base maintenance analysis subtask 
were the following: (1) to define the klystron tube module refurbishment sys- 
tems and operations, (2) to define the systems and operations required to re- 

furbish the other components, and (3) to create an integrated GEO base mainte- 
nance support systems and operations concept. The general guidelines for this 
analysis are as follows. 

(1) Refurbishment crew is stationed at the GEO base for 90- 
day stay times. 

(2) SPS maintenance crews return to the GEO base after 90 
days on Earth to repeat the 90-day maintenance visit 
cycle. 
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(3) Replacement components are delivered to GEO on the EOTV. 

.4) Defective components are delivered to the GEO base by 
0TV*8, 

(5) The traveling maintenance crew and their equipment and 
vehicles must have docking provisions at the GEO base. 

(6) Crew duty cycle is the same as that of construction and 
base operations crew. 

(a) 6 days on/1 day off 

(b) lO-hour work shift 

(c) Two shifts per day 

(d) 0.75 productivity factor 

(7) Refurbishment operations are conducted within pressurized 
worK modules (no EVA). 

e. Integrated SPS Maintenance Operations Plan 

The integrated SPS maintenance operations concept is depicted 
in figure V-1. The top-level time line, shown in figure V-6, reveals two 
types of operations: (1) maintenance operations at the satellite and (2) 

refurbishment of defective components at the GEO base. 

The at“satellite maintenance occurs over a 90-day period when 
each satellite is visited by a mobile maintenance crew and equipment for a 
3.5-day stay time. Twenty operational 5“gigawatt $PS*s are assumed in the mis- 
sion model. At the end of the 90-day period, the traveling maintenance crews 
are returned to Earth. They return to orbit after 90 days on Earth and repeat 
the maintenance visit routine. Hence, each satellite is visited twice a year 
for maintenance. The refurbishment operations are conducted continuously with 
a crew changeout every 90 days. 

There are 260 GEO base maintenance crewmembers plus 40 sup- 
port personnel that must be rotated every 90 days. These crewmembers will be 
delivered to LEO by way of personnel launch vehicles, along with the other 
SPS space workers. They will, in turn, be transported to the GEO base in the 
personnel orbital transfer vehicles. 

B. RECTENNA 


The rectenna provide the interfaces between the SPS and the elec- 
trical utility grid. Power generated in space must be transferred through 
the rectenna to the user in a controlled and orderly fashion. Operation 
includes, therefore, startup, shutdown, and steady-state control under nor- 
Fudl and emergency conditions. Extensive use of computer hardware will be 
required because of the extreme complexity involved in interfacing large 
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amounts of power at very hi^ speeds* All communications and telemetry 
will be interfaced through the rectenna control center* Rectenna operation 
under various conditions and maintenance have been addressed in Rockwell 
and General Electric studies. 

1. GROUND RECEIVING STATION/UTILITY INTERFACE CONCEPT; 

ROCKWELL INTERNATIONAL 

The ground receiving station (GRS) and utility interfaces are 
designed to effectively emulate existing power generation sources^ such as hy- 
droelectric, thermal, or nuclear plants* The fact that the electrical power 
is first converted from solar sources in space is irrelevant to the utility 
companies. The rectenna receiving panels, which cover 77*7 to 103.6 square 
kilometers (30 to 40 square statute miles), are treated as if they are 
merely another type of power source. 

Redundancy of operation and flexibility in power distribution 
interconnections are the keynotes of the concept shown in figure V-7. More 
than 1000 rectenna "voltage strings" may be connected to each of the feeder 
lines. These may be selected in groups of as many as 55 feeder lines with as 
many as 16 groups of these lines. A number of groups may be interconnected 
as in the illustrated concept. Each panel is connected by motor-operated 
disconnects, which must accocmodate 10 to 20 kilowatts each at high voltage; 
e.g., 40 000 volts dc. Thus, a large number of motor-operated disconnects 
may be required on the feeder lines alone; e.g., perhaps several hundred thou- 
sand or more . 

Each feeder of each group may be connected to a dual redundant dc 
bus, which consists of main and transfer buses. The feeders connect to the 
dr buses by way of dual 40 000-volt dc breakers, which may have to conduct 
several hundred amperes each. The buses, in turn, are connected together by 
40-kilovolt dc breakers, which must handle current loads of 10 000 amperes or 
more. Each group of power panels is protected by dual 40-kilovolt dc, section- 
alizing breakers. 

The dc buses feed into dc-to-ac (or dc-to-dc) converter stations. 
Each input line is provided breaker protection. For the dc feeder groups, 
an identical number of converter stations are provided. Each station con- 
verts several million watts of electrical power to 60-hertz ac and from 40 
kilovolts dc to 500 kilovolts ac or dc. Each station will probably consist 
of a large building, perhaps one to two stories hi^ by several hundred feet 
on a side. Advanced technology may allow application of solid-state conver- 
sion techniques, which would reduce both building size and system complexity. 

An advanced technology converter station presently operational at Newhall, 
California, may provide some insight as to station sizes, problems, and con- 
cepts . 


In this SPS concept, a dual ac output bus is provided. The 
groups of feeder lines essentially emulate a multigenerator power station. 
The groups may be isolated to provide dedicated service to special customers 
ii/hose applications may impose unique load surges or line noises. In this 
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event, each converter station could supply hundreds of megawatts of electric* 
ity at 500 000 volts ac. If dc power is required for the using utility, 
the converter stations would incorporate the additional rectification 
needed • 


It is evident from this brief description that the size and com- 
plexity of the GRS imposes instrumentation and control demands similar to 
those of the satellite (table V*3)« More than 390 000 rectenna panels are to 
be installed. A like number of motorized disconnects are needed. Tempera- 
ture, voltage, and current measurements are anticipated on the panels to moni- 
tor conditions and outputs. 

The hundreds of thousands of motor-operated disconnects will re- 
quire computer control. In turn, the instrumentation and measurements 
subsystem (IMCS) must provide necessary command verification, switch posi- 
tion, and perhaps other information; e.g., temperature. 

Thousands of switchgears are also needed to provide the breaker 
and contingency isolation protection needed to achieve a reliable consumer 
power system. Position, temperature, and reset controls must be provided. 
Although maintenance disconnects may be manual or motorized, the IMCS may be 
required to monitor conditions in either case to automatically establish sys- 
tem status and reserve capacity and to provide configuration and safety pro- 
tection. 


Finally, the converter stations are expected to be complex, ad- 
vanced technology, high-power-level facilities. The resulting IMCS require- 
ments are anticipated to be sufficiently extensive that the ground-based IMCS 
should be of the same order of magnitude as that used on the satellites. The 
spaceborne electronics technology approach may be transferable to the ground 
systems to meet the instrumentation and control challenges. Reduced unit 
costs may result because space qualification will be unnecessary, but this 
reduction could be offset by unique terrestrial environmental requirements 
of humidity, dust, windloads, rain, snow, ice, or lightning. 

a . Ground Control Facility 

The ground control center at the GRS site will control the 
uplink pilot beams, provide status and control of the GRS power distribution 
network and utility interfaces, and provide primary satellite control sup- 
port. It is anticipated that it will be located at the GRS site in a sepa- 
rate building, which also would house administrative personnel, management 
and maintenance workers, and displays, computers, and controls. 

The computer architecture concept shown in figure V-8 pro- 
jects the use of multiprocessing units, which interface to the satellite 
through communications processors and to control/status operations through a 
common bus and terminal equipment. Real-time displays and related keyboard 
control /entry equipment would be incorporated into the design. 
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The center's functions and their allocations are beyond the 
scope of this introductory study. Some of the basic functions anticipated in- 
clude the following. 

(1) Operating system 

(2) Data base control 
(i) Data logging/ 8 tor age 

(4) Pilot beam control 

(5) Satellite status monitoring 

(6) Satellite control 

(7) Power beam monitoring 

(8) Rectenna site safety 

(9) Intrusion control 

(10) Telemetry control 

(11) Rectenna power distribution 

(12) Converter station status/control 

(13) Emergency shutdown 

(a) Satellite 

(b) Rectenna 

(14) Utility interlace control/monitoring 


Ground Operations 


Operations begin with status confirmation and proceed to 
startup and steady-state phases. The satellite and ground systems are 
assumed to have been completely assembled, integrated, manned, checked out, 
and placed in standby status. 


(1) Display and Control Thermal/Human Interface 


The SPS ground system requires a high degree of adapta- 
bility in its ground operations center to meet the varying demands of the sys- 
tem. The operating scenario discussed herein has been oriented towpT*d pro- 
viding a basic representational understanding of the operator-machine 
interfaces . 
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In the initial syatem startup | man will interface with 
the system primarily to validate or stop system operations. The basic infor* 
mation that will be presented to the human will involve status and operation* 
al checks of all ground subsystems and a countdown to system startup. In 
additioUi status sunmaries of all satellite subsystems will also be presented. 
The system initiation sequence will involve the use of both voice and dis* 
played messages. These will be properly validated and authenticated. 

The focal point of human decisionmaking and control is 
the display and control terminal. Augmenting this interface are the follow* 
ing. 


(a) Communications 

[1] Voice 

[2] Teletype 

[3] Cooputer-to-computer 

[4] Written with manual transmission 

(b) Management 

[ 1 ] Organization 

[2] Operating policies and rules 

(c) Manual operations * space/ground onsite 

Before startup of the satellite or the GRS, the configu* 
ration and status of the local control center must be determined by opera- 
tions personnel. Displays will be assigned to various functions; e.g., 
conmunications I computer operations^ satellite, and rectenna. Each of these 
consoles might be sequenced through various types of display formats and in- 
formation content to assess the status of the following. 

(a) Display electronics 

(b) Keyboard functions 

(c) Related data buses and external communications 

(d) Supporting computers and software 

(e) Data files 

(f) Operating modes 

Upon system startup, all power levels, beam focusing, 
beam dispersion, etc., will be monitored and checked to ensure that they are 
within predetermined levels. For elements of the system that will require 
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switching or shutdown faster than human reaction time, the system will oper- 
ate in an automated mode to prevent damage tc any system elements and to main- 
tain safety requirements. When time and policy permit, human intervention 
will be able to start, stop, validate, override, or branch any machine func- 
tion. 


Upon receipt of a requirements schedule and startup 
command from a higher echelon of authority (i.e., regional control center 
director), the aforementioned make-ready status assessment would be per- 
formed. Next, the GRS control center is ready to extend its information 
input and command authority to other interfaces; i.e., GRS and satellite. 

(2) Satellite Interfaces 

Communications, telemetry, command, and pilot beam con- 
trol interfaces to the satellite must now be exercised to ensure control in- 
tegrity* Voice, telefax, and teletype links to and from the satellite are 
exercised with test messages to ensure functional readiness. Satellite com- 
puter (and backup primary instrumentation) data telemetry streams would be 
sampled to confirm high-speed downlink digital data functions as well as re- 
ported subsystem status. Ground-based pilot beam transmitter status is next 
checked. This scenario assumes that a spaceborne crew has completed satellite 
assembly and checkout and placed the satellite into a standby systems mode; 
i.e., only computer controls, communications, and environmental systems 
activated. 


The GRS pilot transmitters are now activated and ra- 
diated power and pointing angles are verified. On the satellite, pilot re- 
ceivers are turned on in response to enabling commands from the GRS control 
center. Downlink telemetry further verifies reception of the pilot beam sig- 
nals and boresite. 


Those elements of the detailed schedule of required 
operations, legist ic-*! support, and power demands that are needed by the 
spaceborne control center are transmitted by high-speed uplinks. These data 
are assumed to be prepared in the regional control center on a generalized 
basis and are refined to a detailed schedule at the ground control facility. 

(3) GRS/Utility Interfaces 

The GRS and its utility interfaces must be configured 
to receive the power which is converted and transmitted from the satellite. 
Rectenna panel status must be checked through instrumentation inputs lelated 
to temperature, mechanical integrity, and electrical continuity. Maintenance 
status must be reviewed to ascertain which panels are inoperative and to re- 
route any affected interconnections. Personnel must be notified and cleared 
from exposed areas within the rectenna site. 

Power distribution to the utility interface is next con- 
figured. Feeder lines and bus switches are configured to route the scheduled 
power to the proper customer interfaces. The various groups of panels are ap- 
propriately interconnected on the dc buses to provide the required degree of 
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isolation. All bus connections, including backups, and breakers are checked. 
Orders are automatically issued to yard crews to establish correct switch po- 
sitions for manual maintenance disconnect switches. 

Status and control is next sequenced to dc-to-ac con- 
verter subsystems. The huge size, redundancy needs, and system complexity of 
the converter stations dictate that they incorporate their own dedicated com- 
puterized controls. Within this assumption, it is also presumed that^digital 
data buses connect converter and rectenna control centers so that converter 
station readiness is automatically determined. Status is, of course, dis- 
played to rectenna center control personnel, who may sequence their displays 
to examine in increased depth any specific areas of concern. 

Converter stations are sent enabling commands to allow 
local control to turn on electronics to standby mode. Automatic sequencers 
and input power detectors are assumed to switch each converter station to 
operating mode as power is received from the satellite. 

Finally, the ac bus switches are monitored for their sta- 
tus and appropriate commands are issued to establish the required distribution 
configuration. At this point, the ground systems are checked out and placed 
in standby or operating mode as appropriate. 

Next, the regional control center and the utility distri- 
bution network control centers are sent standby status signals. Similarly, 
the satellite is also sent prestart *'niake ready" warning signals and appropri- 
ate enabling commands. Encryption is used for communications and command to 
ensure security against intrusions or takeover. 

(4) Satellite Prestart "Make Ready" 

The ground concrol facility is assumed to control the 
satellite through the master control center, which is located on the satel- 
lite. Control is effected through the satellite’s distributed computer con- 
trol and information management system. Tals configuration results in c ^igher 
level of control on the ground; i.e., enabling and scheduling of spaceborne ac- 
tivities in contrast to direct telemetered control. Only in contingency situ- 
ations involving critical subsystems would direct preemptive control licka be 
provided to the ground center. 

Nevertheless, the spaceborne computerized control system 
must be polled to determine subsystem status. The ground center would also be 
expected to issue enabling coranands, adjustments to performance levels, re- 
quests for specific pointing angles, system configurations, etc. Status 
polling would include structure, attitude control, solar panel conditions, 
power distribution, environmental control, and the spaceborne information man- 
agement and control system. The latter would include operating modes of the 
various distributed computers, data bus ready condition, terminal equipment, 
software configuration, and data base contents. Any updates to the data 
bases would be provided from the ground control center. Such updates might 
include maintenance schedules, logistics planning, control system parameters, 
ephemeris updates, etc. 
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Status prestart operations would also include provid- 
ing to the satellite systems various ground-based systems status data* 

This information might include pilot beam status and pointing parameters 
to facilitate acquisition and boresight* 

Status checking would include issuance of enabling com- 
mands to the satellite IMCS to begin automatic sequencing checks* These 
would also bring nonoperating segments on line to achieve the required config- 
uration of the various subsystems. When checkout is complete , a formal data 
logging conmand would be issued to record a sequential subsystems summary of 
satellite status into the ground center logs. 

Where questionable status exists in various areas, the 
ground center might command prestored limited control actions on the satel- 
lite to test, debug, or verify system conditions. Prestart status and con- 
figuration operations involve hundreds of thousands of control and data 
points, requiring significant processing time even with automatic sequeacing. 
Satellite attitude refinement may involve long time delays, and the integra- 
tion of space-ground prestart operations may amplify any such time delays. 
Special studies are needed to quantify these potential impacts on SPS oper- 
ations. 


(5) Satellite Startup 

Startup control functions for satellite power production 
and transmission are automatically sequenced by the spaceborne computers* 

The ground control center does not play a direct role unless the onboard con- 
trol system fails. In this event, direct ground control would be limited to 
performing emergency shutdown using separate control links in critical sys- 
uems areas. Whether this control would be implemented through separate, di- 
rect telemetry command links, which bypass the onboard IMCS, is undetermined. 
Special operations impact and design feasibility studies are needed in this 
area to clarify this situation. 

The ground control center would monitor startup sequenc- 
ing to provide any necessary ground support to the satellite. This support 
includes antenna boresighting, pilot beam control, and initiation of power 
reception, conversion, and distribution to the utility customer interfaces. 
Special coordination functions may be needed from the ground center to avoid 
power surges and to provide load leveling. Emergency shutdown of satellite 
operations may also be required if a major ground system failure occurs. 

Ground center support to satellite startup will gener- 
ally parallel satellite systems sequencing, which begins with attitude con- 
trol. The satellite may have drifted in attitude or geographical position. 
Ground center support to boresight and ephemeris updates based on precision 
observations are major elements of this type of ground support. This support 
may include revised satellite antenna gimbal angles to be inputted into the 
spaceborne data base. Attitude, stationkeeping, and boresight functions are 
expected to be long-term, repetitive operations which extend into steady- 
state operations. 
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Once boresight is achieved , the solar panels can be 
brought on line. This is a complicated operation, which is automatically 
sequenced by onboard computers. Ground center personnel would merely 
issue enabling conmands once prerequisite spaceborne functions'^ modes and 
system configurations are achieved and verified. Similarly « power distri- 
bution from the solar panels to the antenna is automatically implemented 
by onboard computers. This is also true of the voltage regulation process. 
Operations are only monitored on the ground. Preemptive ground support is 
required only if the onboard IMCS fails. 

Antenna operations do require additional ground support 
because of boresi^t, alinement, and pilot beam functions. The mechanical 
pointing status of the antenna is verified during the earlier status check- 
ing {Aiase. However, this status must be continuously rechecked during start- 
up to ensure safety and efficiency of power transmission. 

Following boresi^t confirmation, enabling commands 
are sent to the satellite to turn on the reference phase frequency generator 
and related retrod irective control electronics. This procedure enables proc- 
essing of the received pilot signals and initiation of power transmission. 
Earlier data base updates ensure insertion of the correct data to the 
beam programers. 


Power beam monitors are located throughout the GRS 
site to provide an independent assessment of power beam pointing. Outputs 
of these monitors are computer polled and processed. Any residual pointing 
errors are translated into phase angle corrections and telemetered to the 
satellite for use by the beam programers within the retrodirective elec- 
tronic control system. Beam location and drift rate are monitored for pos- 
sible emergency shutdown of satellite operations if error boundaries are 
exceeded. 


If the satellite startup coincides with termination 
of a solar eclipse, the ground center must confirm that battery recharging 
operations are initiated. If the satellite is projected to enter an eclipse, 
battery status must be verified. Use of klystrons for power transmission 
requires ample power for thermal stabilization (i.e., cathode heating) 
during eclipse periods. 

Two operational considerations which relate to klystron 
activation must be investigated. If all klystrons are powered up simulta- 
neously, power surges may be injected into the utility network. Simultaneous 
klystron en**.. gization is assumed to begin at low levels with power output 
gradually raised so that the ground power station can gradually come on line 
to full power output to the utility network. Coordination between the rec- 
tenna, regional, and utility network control centers is needed to ensure 
smooth load time history changes. 

If klystrons are activated to full power with a given 
number of klystrons activated at a time, the impact on rectenna power output 
must be ascertained. Problems may rf suit in coordination of panel grouping, 
conversion, and distribution. Unstable beam patterns, if resulting, could 
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cause power output transients to utility customers , distribution surges 
with undesired bus breaker activations , and unstable dc-to-ac conversion 
processes. 


In any eventi power startup operations between space 
and ground systems must be closely coordinated to ensure smooth power deliv- 
ery. Excessive transients in the satellite and rectenna/utility interfaces 
must be avoided. The rectenna control center will automatically monitor 
the thousands of power conversion, distribution, and control points to effect 
adjustments or emergency shutdown as needed. Any unusual situations will 
be displayed to rectenna center operations in real time. Emergency condi- 
tions must be relayed to any regional and utility network command centers. 

(6) Nominal Operations 

(a) Satellite - At this point, the satellite has 
reached stabilized power production and transmission of that power to the 
rectenna. Power demands are constantly monitored at the GRS and transmitted 
to the satellite so that system surges can be mitigated and scheduled main- 
tenance can be planned. For example, as midnight is reached at the users' 
locations, power demands reduce. Solar blankets, antenna components, or 
other related power production elements are removed from the line for replace- 
ment or repair on a progressive basis to avoid future unscheduled shutdowns. 

Satellite and GRS status is constantly monitored 
so that any unscheduled power production or distribution changes can be accom- 
modated. Constant communications - voice, data, and commands - are required 
between the satellite and the ground c'^ntrol center to achieve effective 
coordination. 


Progressive maintenance inspections are performed 
on the satellite to ensure reliable 0 ( oration. The IMCS is constantly 
monitoring the status of components* As out-of- tolerance conditions are 
noted, the affected element i.:. scheduled for repair or replacement before 
failure. As a statistical basis is developed for predicting problem condi- 
tions, inspections and replacements are prescheduled at convenient times 
before the problem occurs. The ground control center is expected to pro- 
vide some support through logistical scheduling and data base maintenance. 

Scheduled outages occur during solar eclipses. 

These time periods can be used for minor repairs and replacements* Before 
each eclipse, coordinated planning occurs between the satellite and ground 
control center crews to develop a master maintenance schedule* Since an 
eclipse may last for a maximum of 1*2 hours, careful planning is needed to 
capitalize on this time for component replacements* Once replacement parts 
are installed and safe conditions are verified, selective activation of the 
affected subsystems is implemented to check out replaced parts in preparation 
for startup after the eclipse* 

(b) Ground - In the ground operations phase, the 
satellite and GRS have reached stabi:ized power conversion and transmission 
to the utility network. The ground c*«fnter will receive periodic updates 
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of scheduled pover requirements from the utility network control center* 

These load schedules are translated by the ground center into satellite 
power output schedules | in which rf transmission, rectenna conversion, dc*- 
to-dc conversion efficiencies, and related factors are considered* This 
scheduling facilitates matching of generated power to load levels* 

If for some reason the entire utility network 
or a dedicated customer drops off the line, the SPS power output may be 
shut down, adjusted, or switched to other loads. The ground center must 
accommodate these and other contingencies such as problems in rectenna 
dc-to-ac conversion and distribution. Emergency shutdowns or load adjust-* 
ments require transmission of authenticated commands, rather than enabling 
messages, to the satellite. 

Progressive maintenance schedules and procedures 
are prepared by the ground center for rectenna, converter, and distribution 
maintenance. Similar schedules and procedures are prepared for the satellite. 
However, those related to the GRS will be detailed, whereas those for the 
satellite would be at a hi^er level. The onboard system and control center 
personnel would convert such inputs from the GRS center into the required 
detailed form. 


Satellite tracKing and epremeris refinement func- 
tions are performed by the supporting rectenna satellite tracking subsystem. 
Eclipse and related systems schedules are then prepared based on these sched- 
ules, which include space-ground system startup, shutdown, and logistical 
support . 


Several otV.er safety, security, and environmental 
monitoring functions are performed during startup and steady-state opera- 
tions. Safety will be of continuous concern. Before startup, maintenance 
and other types of workers must be evacuated from exposed radiation or high- 
power switching areas. Equipnent must be properly configured and adjusted to 
avoid or investigate accidents or incidents. Particularly close monitoring 
must be maintained and safety shutdown possibilities must be preserved during 
startup because of the presence of rapid and large power transients. Required 
safety functions must be defined along with supporting caution and warning in- 
strumentation and controls. 


Security perimeters must be defined so that the GRS 
site, control center, and switching yards are protected fiom personal, command 
and other forms of physical intrusion. Accidental or intentional intrusion of 
people must be presented by automatic detector, entry controls, and guard per- 
sonnel. Command links must be encrypted and physically protected from acciden 
tal or intentional interference or takeover. Arrangements must be made with 
appropriate authorities to avoid beam interruption by overflights which might 
cause power transients in various portions of the rectenna, confuse beam lo- 
cation monitoring equipment, or interrupt the pilot beam. 

Environmental monitoring will also take piece daring 
all phases of system operation. For example, radio receivers located within 
the neighborhood of the GRS (e.g., 48 kilometers (30 statute miles) radius) 
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will scan the radio spectrum for possible interference with radio or televi* 
sion bands and for other forms of radiofrequency interference (RFI)* Inputs 
to the GRS control center may allow identification of malfunctioning SPS 
equipment to resolve any RFI problems* The SPS system design must minimize 
environmental im^«*vts to acceptable comsunity levels. Electromagnetic inter- 
ference (EMI) must also be monitored* 

2. OTILIXy ^ :STEM REQUIREMENTS CONCEPT: GENERAL ELECTRIC 

a* J tility System Operating Requirements 

Currently accepted response characteristics for utility 
system generating plants have been the basis for establishing the integra- 
tion of the SPS system with the existing utility systems* These require- 
ments are defined and described in this subsection* 


(1) Powerplant Operation on a Utility Network 

The 

is characterized by the 

operating environment of a power generating plant 
following. 

(a) 

fluctuating and changing levels of connected 
load, aggravated by unusual loads or weather 

(b) 

Changing powerplant status, both planned and 
unplanned, resulting in varying levels of 
available generation 

(c) 

Network disturbances due to unplanned loss of 
generation or change in network configuration 
due to line switching 

(d) 

Necessity to overgenei^te or undergenerate to 
correct system time or adjust for inadvertent 
energy exchange on the lines 


Random load changes (i*e.y small in magnitude and 
occurring over relatively short time intervals) cause small deviations in 
generation load balance and result in small frequency deviations (from 
+0*02 to -0*04 hertz in the United States)* Hence, one requirement for 
plant response is the necessity of frequency regulation* 

Over longer timespans (i.e., days, weeks, years), vari- 
ation in load occurs within larger tolerance; this variation is predictable 
as a function of time of day, day of week, and time of year. The necessity 
to maintain a match of generation with load over these larger variations 
requires that at least some plants have load-following capability. 

The variability in connected load together with the 
economics of plant and system operation create the need to take ui ls fully 
out of service, either daily or for more extended periods. Maince^<ince of 
the plant also creates a need to shut down and start up plants on a planned 
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basis. Hence, plant characteristics in startup and shutdown are an important 
operating consideration. 

A mild emergency in a power system results from the un- 
expected loss of generation within a control area. The sudden inflow of power 
over tielines from adjacent control areas may exceed the thermal capacity of 
transmission line conductors. A small drop in frequency on the entire inter- 
connection also results. To restore the tieline loadings to normal and elim- 
inate the frequency deviation, the remaining generation in the area must be 
increased by the anmunt lost. Industry standard practices specify that this 
increase shall be accomplished within 10 minutes, and, in most utilities, 
this additional power must be provided by units already synchronized to the 
system. This requirement is referred to as tieline backup. 

Major system emergencies may result in a loss of all 
ties to the remainder of the power system, leading to the isolation of a part 
of the system; i.e., the formation of an island. The isolated segment may be 
generation-rich (with a rise in frequency anc’ a need to reduce generation) or 
generation-deficient (with a need for an increase in generation, load shedding, 
or a combination to restore frequency and permit resynchronization with the 
interconnection). A special case of islanding, referred to as load rejection, 
is the sudden disconnection of a unit or plant from the rest of the system, 
leaving the unit with no connected load. The unit is usually shut down by 
its overspeed protection. However, it is desirable (where possible) to cut 
back on unit power output to the level of the plant auxiliaries' load. It is 
usually desirable to resynchronize and reload the unit as quickly as possible 
if the load rejection has been caused by a malfunction outside the plant. 

(2) Desirable Plant Response Characteristics 

Operation of an interconnected power system places cer- 
tain control and maneuverability requirements on the aggregate generation in 
the interconnection; these requirements must be imposed ultimately on the 
individual units. Since individual units vary in their relative capability 
to maneuver and perform different functions in the overall economics of day- 
to-day operation, it is not possible to une ^uivocally define absolute response 
requirements. However, there are some general guidelines which can be used 
in the design of poverplants for use on electric utility networks. General 
guidelines which are desirable objectives in the design of a new plant con- 
cept are as follows. 

(a) Each generating unit and its controls should be 
inherently stable under all combinations of pos- 
sible manual and automatic control while connected 
to the system. That is, under no circumstances 
should the stable operation of any unit depend on 
the characteristics of other units. 

(b) It is highly desirable that each unit, if needed, 
be capable of assuming its proportionate share of 
load regulating and/or freqtency regulating duty. 
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(c) Generating unit controls » in responding to external 
stimuli (sudi as frequency deviation or automatic 
generation control signals), should not impose on 
the unit an excursion uhich would cause the unit 
to lose control or to trip off the line. That is, 
control action should be limited to the amount of 
control to %diich the unit can respond without ex- 
ceeding limits <m process variables (such as water 
level, pressures, or temperatures). 

Eased on these guidelines, it is possible to specify 
quantitative goals for the control of individual generating units from an 
analysis of the aggregate syst^ needs* In the following paragraphs, the 
aggregate system needs are quantified and the resulting requirements for 
response of individual units are stated. 

(a) Frequency regulation - The requirements for fre- 
quency regulation are essentially those for speed governing of the prime 
mover* They are defined in industry standards and may be sumnarized as 
follows* 


[1] A prompt stable response in change of power 

output of percent or -0*7 percent of 

megawatt rating, with at least 30 percent of 
total change within the first 2 seconds 

[2] A maximum deadband of 0*06 percent frequency 
(0*036 hertz on a 60-hertz system) 

[3] A steady-state regulation of 5 percent (i.e., 

20 percent change in power output for each 1- 
percent decrease in frequency) 

These specifications apply only to the speed con- 
trol and are based on the assumption that the energy supply is capable of 
meeting the demands made upon it as defined previously* In plants charac- 
terized by a complex energy supply, the overall plant control will respond 
to frequency deviation and will exercise a coordinated control over both 
prime mover and energy supply to meet the speed/ load demand* 

(b) Load following - For generating units that must ad- 
just output to follow long-term load variations, a typical expectation is the 
capability to go from 100 percent power to 50 percent power at rates of 1 to 
2 percent per minute over much of this range, and to make the total excursion 
over a 2-hour period and return in the same elapsed time* Peaking units 
(normally combustion turbines) are expected to load and unload over a range 
of 70 percent of rating in periods of 10 to 20 minutes* 

(c) Tieline backup - Increase in generation for tieline 
backup is generally provided for spinni* ^ reserve (units already synchronized 
to the system). The 1- to 2-percent/min response rate cited for load-following 
duty is generally adequate for tieline backup* 
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(d) Startup/shutdoim of plant - Just as different re- 
quirements for load following exist for different types of units, a distinc- 
tion is made for startup and shutdown rates* Peaking units, most likely com- 
bustion turbines, are often used for nonspinning reserve to meet unexpected 
sudden load increases; as such, these units should be capable of start to 
full-load operation in 30 minutes or less. For intermediate-range steam 
units, start to full-load operation in 1 to 2 hours is desirable. Baseload 
units could take from 2 to 4 hours for a start following a brief shutdown and 
6 to 10 hours following a more extended shutdown. Shutdown ratv'^s comparable 
to startup rates would be permissible. 

A plot of response rate in percent megawatts per 
minute as a function of the number of minutes at which this rate can be 
sustained, plotted on log-log coordinates, contributes to comprehension of 
the preceding description. The transition from excursion- limited response 
to rate limits over the range of normal operation conditions is illustrated 
in figure V-9. Typical system emergency requirements are also shown. 

(3) Operation of the SPS System 

It is probable that the SPS system will operate at or 
near full output as a baseload plant with a minimum of need for load follow- 
ing. However, as the penetration of SPS on a power system increases, some or 
all of the SPS plants would be required to have some load-following flexibil- 
ity. 


b. Utility System Reliability/ Availability Characteristics 

Historically, utility system planners measured generatio.. sys- 
tem reliability with a percent reserve index. This planning criterion simply 
measured the ratio of total installed generating capacity to the annual peak- 
load demand. However, this approach proved to be a relatively insensitive in- 
dicator of system reliability, particularly when comparing alternative units 
with varying size and forced outage rate. 

Today, reliability of electric utility systems is commonly 
measured by using probability mathematics. The most prevalent method is 
called the *'loss of load probability** (LOLP) method. The LOLP calculations 
are relatively simple to perform using digital computers and allow different 
generation expansions to be designed and compared on the basis of a common 
level of reliability. 

Generation system reliability is affected by several factors. 
Among these factors p ’ ^ unit size, forced outage rate, and planned outage 
rate. Although LOLP is concerned with the capability of the system to meet 
the demand, utility system reliability is the net result of the individual 
generating units and their reliability. 

The LOLP calculation is performed by using a chronological 
daily peakload forecast including measures of load forecasting uncertainty. 
Each generating unit is represented by its rating, its probability of outage. 
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and its maintenance requirements. Conventional generating units are typi- 
cally represented by a two-state reliability model. The two states are full 
output and no output, respectively, and the probability of full outage is 
defined according to the Edison Electrical Institute. 


Forced outage rate 


Service hours 

Service hours + forced outage hours 


The only conventional generating unit for which a multistate reliability 
model is normally required is a combined cycle unit made up from several gas 
and steam turbine units. The combined cycle unit, therefore, has the capa- 
bility of producing power while parts of the plant are down for maintenance. 
Typically, a five-state model has been found sufficient to approximate the 
reliability model for a combined cycle unit. 

The maintenance requirement is measured by a planned outage 
rate equal to the ratio of scheduled maintenance hours and the 8760 hours of 
the year. Since scheduled maintenance is a deterministic quantity, it is com- 
mon practice to attempt to plan each individual generating unit's maintenance 
schedule in order to minimize the annual LOLP. This practice would result in 
scheduling of maintenance for the largest units on the system during low-load 
periods of the year. As the number of large units on a system increases, it 
is conceivable that additional reserve capacity would be needed because of 
some of the large units being scheduled down during periods of high risk. 

3. INVERTER CONTROL AND OPERATION 
a. Power Conditioning System 

The power conditioning system that has previously been 
recommended for the SPS is the current-fed, line-conmutated inverter. This 
type of system is in common use in high-voltage direct-current (HVDC) power 
transmission. The largest system presently in use supplies 3.4 gigawatts to 
the Winnipeg area in Canada. A larger system supplying 6.3 gigawatts is to 
be built in Brazil. Each of these large systems employs eight inverter cir- 
cuits feeding . parallel into the ac systems. Although the individual con- 
verters are much larger and operate at much higher dc side voltage than the 
converters for an SPS system, they are quite similar in function and are 
completely compatible with the ac utility systems. 

These HVDC systems employ S 3 mchronous condensers for the same 
purpose as those reconmended for the SPS system, namely the control of ac 
voltage and the supply of reactive power. Filters are employed to absorb the 
harmonic currents generated by the converters. The dc load presented to the 
rectenna assembly by such a converter is under control of electronic circuits. 
On the ac side, the converter appears as a constant-current negative load, 
which has proved to be completely compatible with the ac system. 
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b, Steady-State Control Mode 


It has been recomnended that the SPS should operate at full 
available output. To achieve this objective, the power conditioning unit 
must present to the rectenna the optimum load impedance. For a conventional 
antenna, this impedance is usually resistive in nature and is unique to the 
design of that antenna. It is assumed that the rectenna is basically no dif- 
ferent and that there is an optimum dc load resistance for maximum power 
transfer. This relationship is shown graphically in figure V-10. 

The current-fed, line-commutated inverter is controllable in 
a constant-resistance mode as shown in figure V-11. The dc voltage of the 
rectenna unit is sensed and divided by the current that is flowing, and the 
resultant resistance value is compared to a reference. The difference be- 
tween reference and measured resistance is an error signal, which is fed to 
the firing angle control of the inverter. The load impedance reference can 
be adjusted for maximum power out of the rectenna. This adjustment should be 
independent of load level, as suggested in figure V-10. 

Normally, the system would be operated at optimum resistance 
so that the rectenna would reflect a minimum of power. The power level would 
be adjusted at the satellite as indicated in the block diagram and would usu- 
ally be set at maximum available power. If power reduction should be required 
by overall utility considerations and it could not be accomplished at the 
satellite, the converter power is readily adjusted by means of the impedance 
reference input. Of course, rf power would be reradiated, but that might 
be acceptable under the circumstances. 

The converter module requires reactive power from the ac bus 
in approximate proportion to the active power being delivered to the utility 
network. This reactive power is supplied by static capacitors, harmonic 
filters, and synchronous condensers as indicated in figure V-11. Such compen- 
sation is state of the art in HVDC power transmission. 

c. Normal Startup/ Shutdown 


(1) Synchronot . Condenser Start 

Synchronous condensers, being large machines, require a 
starting procedure. If ac power from the transmission line is available, the 
condensers are started automatically using static frequency changing equip- 
ment. Auxiliary power, such as diesel engines, can be supplied for starting 
in the event that ac power is not available. In any case, when the machines 
are up to speed, they are connected to the ac system by means of their cir- 
cuit breakers. If the ac system was previously energized, the synchronous 
condensers must be synchronized before breakers are closed. This is a 
state-of-the-art automatic process. 

(2) Setting of rf Power to Start Level 

The rf power should be set to a start level by one of 
the means at hand, any of which is acceptable to the converters. 
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(3) Seqi^ntial Energization of Converter Modules 

The converter modules will be energized automatically ac- 
cording to a predetermined pattern. The rate at which they are energized 
will be determined by the capability of the ac system to absorb the genera- 
tion without overspeed. The individual energization sequences will begin 
with closing of the ac breaker and will end with operation at maximum avail- 
able power. The individual sequences will be controlled by computer sub- 
routines. 


(4) Increase of Power to Desired Level 

When all converter modules have been energized and are 
operating at maximum available power level or some other level as directed by 
the central dispatch system the rf power can be increased to the desired 
operating level by any of the means available. 

(5) Normal Stop 

Any converter module can be deenergized by opening its 
dc circuit breaker. This action should be accompanied by a short-circuiting 
or crowbar action at the rectenna. It is understood that such action is to 
be provided on an automatic basis. 

If the entire SPS is to be shut down, ac system consider- 
ations will dictate that it be done gradually, either by sequential and spaced 
shutdown of the modules from their operating level or first by reduction of rf 
level and then by module shutdown at a more rapid rate. In any case, the 
final condition will be that the s)mchronou8 condensers and filters alone 
are connected to the ac system. 

d. Operation During Faults or Eclipse 
(1) Faults 

Faults can be divided into three categories: rf- 

rectenna faults, dc collection and converter faults, and ac system faults. 
Faults in the satellite systems will result in decreased rf power level, 
which will be reflected in decreased ac output of the converter. There will 
be no other disturbance. When rf level is restored, the converters will auto- 
matically respond. 


For best protection, the dc breaker will be located as 
near the rectenna as possible. Any fault in the dc bus work between the dc 
breaker and the converter or in the converter itself will result in tripping 
of the dc breaker, which will cause short circuiting of the rectenna system. 
The converter will be arranged so that its ac breakers are opened as a result 
of any such dc fault. These dc faults result in permanent shutdown of the 
modrle pending determination of cause of fault and manual reset and restart. 

An ac system fault, usually from lightning flashover 
somewhere in the ac system, will sometimes result in a temporary inverter 


159 



functional disorder known as a commutation failure. The inverter appears as 
a temporary short circuit to the dc source with complete loss of power to the 
ac system. These connutation failures are temporary and do not involve any 
arcing or current in other than normal paths. Automatic sequences will re* 
store the converter to normal operating conditions when the fault has been 
cleared. 


(2) Semiannual Eclipse 

Performance during the semiannual eclipse periods can be 
made largely automatic. As rf power decreases during the partial eclipse pe* 
riod, the converter, through its constant*resistance load characteristics, 
will track the rectenna output and provide available power. Before totality 
occurs, it will probably be advisable to go through a normal shutdown se* 
quence. As available power level again increases, restart sequences can be 
initiated with power level returning to normal automatically. 

The principal problem during these eclipse periods will 
be power dispatch in the ac system to preserve load and frequency* A miti* 
gating factor will be that the power loss occurs at night when the ac sys* 
tern is most capable of responding to it. 

4. SPS/UT.LITY SYSTEM INTEGRATION 

a. SPS Operating Characteristics 

The power control methods for the SPS were examined in rela* 
tionship to the desired response and in terms of impact on SPS operations. 

Two were deemed both practicable and acceptable by these criteria: the intro- 

duction of a quadratic phase error to the antenna aperture and the tilt of the 
antenna phase. Both provide a satisfactory range of power control and an ac- 
ceptable time response. 

For comparison with the response of current generating plants, 
the SPS response for both methods has been plotted in figure V-9. The plot 
is reproduced in figure V-12. It is seen that the SPS response for either 
method of power control is better than that for conventional generation. 

No evaluation has been made of other environmental impacts from either 
of these ^wo control modes. 

b. Utility System Integration 

(1) SPS Impact on System Design and Integration 

Power generating units connected into a large power sys- 
tem become an integral part of that system and are affected by a number of 
conditions and controlling influences to which they would not be subject if 
they were simply serving an isolated load. The SPS system will be similarly 
affected when connected to a utility system. 

A power system never operates at a point of true steady 
state and thus is always characterized by dynamic behavior. This state has 
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a primary impact on the operation and design of controls for both generation 
and distribution. Whenever a change in operating condition or a disturbing 
event occurs in a power system, there is a nearly instantaneous change in the 
state of the electric and magnetic fields of the system, followed in seconds 
and minutes by the longer term electromechanical response of the rotating ele* 
ments of generating sources and loads. 

The SPS is unlike conventional generation in that it has 
no mechanical inertia and hence appears as a negative load to the system. 
Furthermore, the rectenna- inverter control proposed will act to transmit to 
the utility system all the power incident on the rectenna. Control of the 
incident power will be at the satellite antenna by way of the space communica- 
tions link as indicated in figure V-11. This control loop, involving trans- 
mission of control signals through space, is the nearest analog of governor 
control of a conventional generation source* 

It is assumed that the SPS system will be operated at 
the maximum level of available power most of the time. In the baseline de- 
sign, there is no control of power level responsive to frequency variation 
and therefore the SPS will not contribute to the regulation of system fre- 
quency. It should be pointed out that additional control functions could be 
included to provide that contribution, either by control of the antenna in 
space or by control of the rectenna-inverter combination on the ground, to 
vary power output. This provision would require operation at a power level 
- 1 to 2 percent below maximum available in order to provide a margin for 
increased power with decreasing frequency. Either approach results in in- 
creased radiation around the rectenna, either from the broadened beam 
width or from reradiation at the ground. If this condition is acceptable, 
it should be considered. Without contribution by the SPS tc frequency 
regulation, additional duty will be imposed on the other generating units 
on the utility system, with a corresponding requirement for even higher 
response from those units. In either event, it appears that the other 
units on the network must have the capability to respond to load- following 
requirements and must provide the capacity for tieline backup. 

Finally, the operating characteristics of the SPS sys- 
tem, especially the control of output power from the rectenna, require a high 
reliability of transmission connections to the load areas. Utilities will 
have to perform more extensive transmission planning studies and to provide 
increased transmission facilities to ensure the integrity of power absorption 
from the SPS. 


(2) SPS/Utility System Interface and Power Transfer 

The interface between the SPS as a source generation 
and the utility system is uniquely different from conventional generating 
plants because of the absence of a prime mover. This difference will become 
more apparent through the following simplified analysis. 

In the analysis of ac electrical systems, the angular 
relationships or phase angles among the voltages and currents are required. 
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The use of phasors for graphical representation assists in understanding 
the analysis* 


Consider the simple ac circuit in figure V-13(a), with 
the relationship between the two voltages and the current expressed in the 
adjacent phasor equation. If (magnitude equal and coincident in 

phase), no current will flow (Tj^ “ 0) and the equation is satisfied. 

If |%|| > |lf 2 | (magnitudes different but still coin- 
cident in phase, as shown in fig. V-13(b)), a current will flow through 

the reactance The phase angle of will lag the voltage drop acro«>d 

the reactance (Ej • E 2 ) by 90®. Note that with current and voltage ir 

quadrature, no real power flows, only volt-ampere-reactive (var) power. 

To transfer real power (watts) across the reactance re- 
quires an angular difference between the voltages and ^2 shown in 

figure V-13(c). Now, the current has a component in phase with the volt- 

age and there is real power flow. 

The interface between the SPS ground system and au elec- 
tric utility may be represented by the simple one-line diagram of figure V- 
14(a)* Power is transmitted across a transmission line to the system, which 
is represented by an infinite bus. The synchronous condenser (SC) is oper- 
ated with a field regulator to control the voltage on its bus and therefore 
the flow of reactive power Q (var) in the system. 

For a particular real power flow, determined by the 
inverter firing angle control, the relationships among the voltages and cur- 
rents is illustrated by the phasor diagram of figure V- 14(b). This is a 
graphical representation of the phasor equations shown. 

If the energy capture by the rectenna increases, the 
inverter will be controlled to transfer greater power to the utility system 
over the transmission tie. An increase in the ac current from the inverter 
causes changes in the magnitudes and angular relationships of currents 
and voltages (except where constrained). This state is shown in the new 
phasor diagram of figure V-15, here superimposed on the prior diagram from 
figure V- 14(b). Note that the magnitude and phase of an infinite bus are 
fixed and that the synchronous condenser bus voltage is unchanged in 

magnitude. Notice also that there is no change in mechanical power level 
involved here; there are no finite rotating masses to accelerate or deceler- 
ate. The change is solely an electromagnetic transient measured in milli- 
seconds; hence, the characterization of an SPS as a negative load on the 
utility system. 


(3) Utility System Controls 

Individual utilities have found it advantageous to in- 
terconnect their systems by means of transmission tielines. This procedure 
provides flexibility in terms of sharing generation capacities and increased 
reliability of operation. When tnis procedure is followed, systems that form 
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an interconnection will be locked in synchronism, and, aside from occasional 
short-lived local oscillations, the frequency will everywhere be the same. 


Multiple control areas within an interconnection are 
operated to continually control generation to meet loads and regulate the 
flow of power across the tielines into or out of adjacent control areas. 

The geographic boundaries of control areas usually follow corporate lines. 

Automatic generation control (AGC) with the economic dis- 
patch function shown schematically in figure V-16 is used to augment the sys- 
tem operator's capabilities to assure satisfactory operation of the power sys- 
tem in each control area. The AGC acts to regulate the power output of the 
electric generators within the control area in response to system frequency 
and tie line power flows so as to maintain the scheduled system frequency and 
the established net power interchanges within prescribed limits. 

The economic dispatch function acts through the AGC func- 
tion to adjust the output levels of individual generating units to achieve 
maximum economy of system operation, taking into account the cost of unit op- 
eration, transmission system losses, and current operating constraints. The 
action of AGC is illustated in figure V-17 by simulation in a hypothetical 
utility control area of 4 gigawatts generation capacity (1.25 gigawatts in 
group A, which is controlled by the AGC; 2.75 gigawatts in group B with no 
AGC). 


At time equals zero, load is increased by 50 megawatts 
(or 50 megawatts of generation is lost). The line flow from adjacent area 2 
into area 1 increases to almost 50 megawatts. The system frequency dips, be- 
cause of a generation deficiency, and governor action on both groups of gener- 
ators results in an increase in power output. This increase, together with 
the tieline flow, supplies the load demand. 

The AGC action (on unit group A only) raises its output 
over a 5-minute period to restore the tieline flow to zero and the system fre- 
quency to 60 hertz. Note that unit group B, not under AGC, returns to its 
original output level with the restoration of system frequency. 

If group B was a solar power satellite, its output would 
be totally unaffected by thic sequence of events. This condition would result 
in an initial tieline flow of 50 megawatts and hence increased regulating duty 
on the units in group A. 

Generating plants in a utility network are operated 
under the direction of a company dispatcher, who in most instances is pro- 
vided direction from a power pool center, and with the assistance of an auto- 
matic generation control system. Telemetering of power flows and voltages 
provides system dispatchers and pool operators a current picture of condi- 
tions on the network. As loads and power flows change, generating levels are 
changed (a) to maintain system frequency, (b) to load generating units within 
ratings and according to the most favorable economic considerations, and (c) 
to limit line flows to meet rating or stability considerations. The solar 
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power satellite, representing a significant block of generation in any opera- 
ting utility or power pool, would be under the direction of such operations, 
as shown in figure V-18. 

It is estimated that there will be 12 operators and 50 
maintenance people on duty at all times. This estimate results in a total of 
333 (108 operators and 225 maintenance) people at each rectenna site. It is 
also estimated that there will be 165 people required in the rectenna/ ground 
operations group and 240 people in the SPS operations group when 20 satel- 
lites are operational. 

c. SPS/Rectenna/Utility System Reliability Impacts 

To study the impact of adding SPS generation to utility sys- 
tems in the future, several assumptions had co be made. The first assumption 
is to use the probability of available power curves from the SPS system 
developed in Phase I as the starting point for the utility investigations. 

The curves developed in Phase I are shown in figure V-19, and the circles 
marked indicate the "breakpoints" for adapting the curve to available utility 
models . 


To enable relating to utility system size, a study was made 
of the growth projections found in reports from the various National Electric 
Reliability Council (NERC) regions. Figure V-20 is a map indicating NERC re- 
gion boundaries. In the first column of table V-4, the 1998 capacity fore- 
cast in each region is shown. By using the growth projections from 1989 to 
1998, the second column was calculated as a year 2020 estimate. The last col- 
umn indicates as a benchmark the number of SPS rectennas that would be in each 
region with a 20-percent penetration. 

To study the SPS reliability impact, the smallest region size 
in year 2020 was chosen, and the assumed generation mix in the study system 
is shovm in table V-5. It should be noted that this mix is not relating to 
the Mid-Atlantic (MAAC) projections for the future. The mix would be more 
indicative of an average U.S. mix. The forced outage rates shown are assumed 
to be for mature units and are representative of current technology levels. 

The five-state reliability model for the SPS based on figure 
V-19 is shown in table V-6. This model may be regarded as the most optimis- 
tic interpretation of figure V-19 and gives an impact on the utility system 
reliability as shown in figure V-21 marked "Midterm." To evaluate the SPS re- 
liability model on a parametric basis, the data in table V-7 were developed. 
The first line in the table consists of the table V-6 values, and the rest 
of table V-7 shows a more conservative approach to modeling figure V-19, 
particularly in the areas of full outage. 

It is obvious that the estimates for the probability of full 
outage will have the most effect on the utility system reserve levels. Only 
a modest estimate of 1-percent probability of 5000 megawatts output will cause 
a deterioration of utility system reliability, as indicated by increasing 
reserve levels with penetration. Several causes for power outages are not 
explicitly included in figure V-19, and further work should be performed in 
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the area of utility system reliability impacts as the SPS design and oper- 
ational characteristics are further refined and developed. 

d« SPS/Rectenna/Utility System Maintenance Impacts 

Generating unit maintenance is performed in an attempt to 
match the available maintenance personnel with the need for leveling risk 
(LOLP). Since the SPS output will be affected by the eclipse period in March 
and September 9 one first approximation would be to attempt to maintain all 
the SPS powerplants during these 2 months. To investigate whether this pro- 
cedure would be feasible from a utility system point of view, the NERC re- 
gional data were used as a study base. The monthly peakloads in September 
and March as a percentage of the yearly peakloads are shown in table V-8. 

In view of the data^ September appears to be of a greater concern than March. 

The margins between maximum available generation with all SPS 
(23 percent penetration) on maintenance are indicated in table V-9. In all 
but a few regions, September has negative margins, whereas March indicates no 
particular trouble. If feasible from a space maintenance point of view, 

March would be acceptable and September would need extra reserve installed to 
take all SPS down on maintenance. One additional factor to keep :n mind is 
chat maintaining all SPS's in these 2 months would force all other generation 
maintenance into the remaining 10 months. 

Monthly peakloads may also vary significantly from one utility 
to the next. This fact is illustrated in figure V-22, where two regions, 
Energy Reliability Council of Texas (ERGOT) and East Central Region (ECAR), 
are plotted. It is obvious that ECAR with perhaps 14 SPS's would have a 
significantly harder time scheduling maintenance without adding to their re- 
serve margin than would ERGOT. From an operational integrity point of view, 
it would be important to make sure that there always would be adequate conven- 
tional generation connected to perform the regulating duty. On the whole, 
however, with the SPS maintenance spread uniformly over the year, it does not 
appear from these investigations that maintenance scheduling would adversely 
impact utility s/stem reliability or operational integrity. 
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TABU V<1.> GKHE&AL TASKS PEKTORMSD BY INTECKATEO 01>BKATIOH8 


General teak 


Dracription 


Identifying, defining, end elloceting 
overall progran requireaenta 


Preparing neater program plana ard 
achedulea; nonitoring program 
performance agaioat these 


Assuring satisfactory technical 
performance 


Preparing njater logistics plan 
for program 


Preparing and maintaining master 
povei genera tio( ,<lan and 
tchedu »e 


Based on studv and test results in combination with national needs, idencit) 
oirerall program requirMeota. 

Analyse raquiremanta and allocate to local operatiooa. 

Prepare program-level documaotation (system epecifi cat ions, program require- 
ments documents, program directives). 

Allocate reaponaibil itl JB for oreparation of lower tier documentation 
among local operations. 

Review and ep-rove lower tier documentation as necestery. 

Prepare, coordinate, end implement auater plana and achedulea of program 
activitiea w^ich will eaeute a program Chat meets all requirements in a 
timely faahion. 

Obtain detailed plana and achedulea that comply with masters from each local 
operat ion. 

Set up system for feedback of plan and achedul' performance from each local 
operat ion. 

Set up system for monitoring plan and schedule performance which will flag 
problems. 

Resolve progremaecic problem and/or problema which involve interfacing 
local operationa. 

Assure coordination among operatiooa. 

Monitor technical performance at program level. 

Review studies, enalysca, test results, orbital performance. 

Conduct periodic technical reviews. 

Reaolv* technical concerna. 

Apply additional technical resources. 

Reallocate requirements aaiong program elements. 

Review and modify requirements. 

Obtain logistics rci uirementa fiom local operationa which they must have to 
comply with program requirements. 

Prepare, coordinate, and implement master logistics plan and schedule. 

Obtain complying detailed plans and schedules from each local operation. 

Set up logistics status reporting system for local operations. 

Monitor, logistics status with respect to plans snd schedules. 

Materials, equipeient, p’opelLant flew 

Inventories 

Spares 

Use rates 

Resolve program-level problesLS ano/or problms which involve interfacing 
local operatiorv 

Prepare master plan and schedule for sstell ite-rectenna/g. i d combi na'^ ions snd 
opt rations. Plan must consider 

Rectetina/ gr id power loading schedules 

Rclipse seasons 

Rectenna maintenance scheduies 
Sstellwe maintenance schedules 
Coni ingenc i es 
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TABLE V-2-- MAINTENANCE ACCESS PROVISIONS 
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Location Maintenance operation*^ Alternative access systems 
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TAETB V-3.- PRELIMIHARY INSTRUMENTATION AND CONTROL REQUIREMENTS 
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be determined 



TABLE V-4.- NERC FORECAST OF BULK POWER SYSTEM CAPABILITIES 


Regional reliability 
counc il 

1998 

forecast, 

GW 

2020 

estinate, 

GW 

No. of 

satellites at 
20-percent pene- 
tration 

Northeast (NPCC)® 

83 

130 

5 

Southeast (SERC)^ 

758 

550 

22 

Southwest (SPP) 

138 

380 

16 

East Central (ECAR)^ 

194 

365 

14 

Mid-Atlantic (MAAC) 

69 

100 

4 

Mid-America (MAIN) 

94 

210 

8 

Mid-Continent (MARCA) 

55 

125 

5 

Texas (ERCOT) 

87 

200 

8 

Western (WSCC) 

222 

440 

18 

Total 

1200 

2500 

100 


^Winter peak. 
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TABLE V-5.- SAMPLE ELECTRIC UTILITY SYSTEM 


No. of 
units 

Generation type 

Uni*' capacity, 
MW 

Forced 

outage 

rate 

Total 

output,^ 

MW 

100 

Peaking 

100 

0.05 

10 000 

20 

Hyd'^oelectric 

500 

.01 

10 000 

20 

Midrange 

500 

.04 

10 000 

45 

Base fossil 

1000 

.13 

45 000 

25 

Base nuclear 

1000 

.09 

25 000 


^Total system output: 100 000 megawatts. 


tabu: V-6.- UTILITY SYSTEM FELIABILITY^ 


Outage leve' MW 

Probability of 
megawatt output 

0 

0.1 

250 

.56 

610 

.33 

1440 

.01 

5000 

0 


®SPS reliability model, five state 
representation. 
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lABLE V-7.- SPS RELIABILITY HODEL 


Case 

Probability of iKgawatt output 
for outage level, MH, of - 

5000 

1500 

700 

200 

0 

Mid-term 

0 

0.01 

0.33 

0.56 

0.1 

1 

0 

.30 

.40 

.20 

.1 

2 

0.01 

.29 

.40 

.20 

.1 

3 

.02 

.28 

.40 

.20 

.1 

4 

.03 

.27 

.40 

.20 

.1 


TABLE V-8.- NERC PEAKLOAD REQUIREMENTS 


Regional reliability Fraction of annual 

council peakload, percent 



March 

September 

Northeast (NPCC) 

85.4 

90.7 

Southeast (SERu) 

84.1 

94.6 

Southwest (SPP) 

62.8 

93.3 

East Central (ECAR) 

89.7 

93.4 

Mid-Atlantic (MAAC) 

78.2 

90.2 

Mid-America (MAIN) 

70.6 

89.3 

Mid-Continent (MARC A) 

75.8 

84.9 

Texas (ERGOT) 

63.0 

94.5 

Western (WSCC) 

88.2 

96.3 
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TABLE V-9.- SPS SCHEDULED MAINTENANCE: IMPACT 

W RESERVE LEVELS FROM SPS SHUTDOWN IN MARCH 
AND SEPTEMBERS 


Region "Maximum peak/' 

percent 

Margin^ 

March 

percent 

September 

Northeast 

90.5 

5.1 

-0.2 

Southeast 

90.5 

6.4 

-4.1 

Southwest 

90.5 

27.7 

-2.8 

East Central 

90.5 

.8 

-2.9 

Mid-Atlantic 

90.5 

12.3 

.3 

Mid-America 

90.5 

19.9 

1.2 

Mi d-Cont inent 

90.5 

14.7 

5.6 

Texas 

90.5 

27.5 

-4.0 

Western 

90.5 

2.3 

-5.8 


SAssumptions: 25 percent SPS penetration; 

15.5 percent generation reserve. 
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Figure V-2.- Manned work module, free flying or stationary. 
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operational S**S 



Figure V-3.- SPS operational system 
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Figure V-5-- Power collector coaf iguration. 
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Figure V-6*- SPS maintenance time line. 



Figure V-7.- Rectenna panei:^ and power distribution interfaces to utility 

customers. 
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Figure V-8.- Ground receiving station rectenna control center concept. 
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Figure V-11.- Satellite/rectenna/utility control scheme. 



Figure SPS capability compared with maneuvering requirements of conven- 

tional generating units for utility system operation. 
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(a) No current flow. 



( b ) Vol t-ampere-reac t ( var ) f low . 



( c ) Rea 1 power flow. 

Figure V-13.“ Graphical representation of alternating-current quantities. 
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Figure Effect of SPS power output variations. 
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Figure V-16.- Automatic generation control block diagram. 
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Figure V-17.- Illustration of AGC action. 
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Figure V-20.~ Regional reliability councils of the National Electric 

Reliability Council. 
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Figure V-21.- Utility system reserve levels compared to SPS penetration. 
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Figure V-22.“ Monthly load variations in East Central Region (ECAR) and Energy 

Reliability Council of Texas (ERCOT). 
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VI. SPS CONSTRUCTION AND MATERIALS WORKSHOP 

A workshop was held on January 24 and 2S| 1980| to review the status of 
the SPS concept evaluation program with regard to construction and materials 
aspects. The Review Panel Final Report is included as an appendix. The Re- 
view Panel considered the as8enfl>ly concepts credible and the Ground-Based Ex- 
ploratory Development Program an excellent first attempt at near-term goals 
definition. 

The Review Panel was made up of Professors Harm Buntng, L. R. Cornwell, 
Marshal H. Kaplan, Robert G. Loewy, and Dr. M. F. Card. The Panel was 
chaired by Professor R. H. Miller. 
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VII. OONCLUSIONS AND REMAINING ISSUES 

A key issue vith a space system the size of SPS is the determination of 
practical means of constructing the system at a rate of production compatible 
with overall program economics* The construction facility provides a frame- 
work for the conduct of the many operations necessary for the completion of 
the satellite system* Since the primary structure of Che SPS is not subjected 
to large-load conditions in geosynchronous orbit, the structure has very low 
mass and volumetric density. The material for the structural elements can be 
densely packaged for launch, then expanded by machines (beambuilder) to be 
assembled into a light%ieight efficient structure. The SPS subsystems such as 
solar array blankets, reflectors, power conductors, and antenna subarrays will 
need a variety of special equipment and techniques for installation on the 
primary structure* Although these subsystems are fabricated on Earth, dense 
packaging will be necessary for launch into orbit, where final deployment and 
installation is accomplished. Delivery of the material encompasses a number 
of construction support functions involving transport, handling, positioning, 
alinement, and attachment of subsystems and modules. Equipment and operations 
to provide these support functions require a technology base which must be de- 
veloped. 

Another operational function which will be required is the capability to 
berth or dock very large elements or components. For example, controllable 
members might be extended to acquire the component, then retracted under con- 
trolled conditions to permit a firm attachment of the components without ex- 
cessive loads or damage* 

The operational SPS should be viewed as a long-range goal at the end of 
an extended evolutionary process* This evolution will include developing capa- 
bility and experience for large-scale manned operations in space. Space eval- 
uation of new technologies needed for very large satellites will require activ- 
ities involving the space construction of scaled versions or whole modules of 
ai> SPS. 

The type of work which could be conducted on Earth to support SPS con- 
struction technology can be grouped into thr^e major areas. 

A. Zero-g and space vacuum simulation 

B. Analytical modeling 

C. Automated construction equipment 

Ground simulation development would include experiments conducted to de- 
velop space construction techniques including use of construction aids such as 
cranes and cherrypickers. These simulation facilities could be used as trainers 
when final equipment is developed. In addition to these simulations, joining 
experiments should be conducted including strength tests. Analytical modeling 
should include extensive loads analyses for SPS structural configurations to 
enable better understanding of loading conditions on an SPS. These analyses 
must include gravity-gradient, thermal-cycling, docking and berthing, and con- 
trol loads. During construction, a wide range of control requirements will be 


191 



encountered. These wide variations and the flexible nature of the structure 
will entail a range of system dynamic parameters requiring extensive dynamic 
modeling and possible dynamic model tests in space. 

Automated construction equipment includes items such as beambuildersy 
manipulators* and other programable equipment. This technology area is a 
hi^-leverage means of reducing manpower costs in space and on the ground. 

The reccenna system is extremely labor intensive* and automated fabrication* 
assembly* and field erection can be used to reduce costs. 

These ground tests would provide a basis for refinement of the SPS anal- 
ysis and the definition of flight tests or experiments needed for program 
decisions. 

Rectenna construction presents a major challenge only In the size of the 
installation and the cost impact of the rectenna configuration. The size can 
be accomnodated through application and automation of current construction 
techniques. These techniques must be integrated with low cost materials and 
fabrication methods to reduce the cost of the rectenna. 

Space operation of the system becomes primarily an equipment maintenance 
activity since there are no expendable fuels for power generation, no waste 
products, and no corrosive elements in the environment. Most of the SPS com- 
ponents are highly reliable, redundant or relatively inert; howevt -, over 
30 years, cumulative failures of active components such as udcrowave generators 
and dc-dc converters degrade the system performance. The provision of a 
maintenance capability to replace failed components results in improved system 
performance. 

Integration of the SPS into the public utility system is feasible, although 
the operating characteristics of the SPS are different from conventional power 
systems. Ground operations are centered in a ground control facility which will 
control the SPS during startup, steady-state, and shutdown for maintenance or 
eclipse. It is probable that the SPS will operate near full output as a base- 
load plant with a satisfactory range of power control and time response. 


Lyndon B. Johnson Space Center 

National Aeronautics and Space Administration 
Houston, Texas, March 18, 1981 
953-36-00-00-72 
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APPENDIX - REPORT OF THE SPS CONSTRUCTION 
AND MATERIALS WORKSHOP, REVIEW PANEL FINAL REPORT 


INTRODUCTION 


The workshop met on January 24 and 23, 1980, to review the status of the 
solar power satellite (SPS) concept evaluation program and, in particular, to 
determine whether areas which could be considered critical to the construc- 
tion and materials aspects of the program were adequately covered by the 
existing study data and the recommended follow-on work. Particular attention 
centered on the Ground-Based Exploratory Development (GBED) Program. The re- 
port which follows is addressed to these issues and covers an evaluation of 
GBED, together with comments pertaining to the structural and material ele- 
ments of the program as a whole. 

In general, the studies done to date are commendable in their efforts to 
truly visualize a complex assembly process. Although the range of assembly 
options has been necessarily limited, the assembly concepts investigated seem 
to be credible. The GBED appears to be an excellent first attempt at near- 
term goals definition. Work in the areas of construction techniques and de- 
velopment of actual machinery, such as beambuilders, seems well underway. In- 
dustrial presentations were impressive and clearly de^nonstrated the amount of 
thinking that has been done. Further work in this development area would be 
well supported if GBED plans are implemented. 

Areas which could require greater emphasis are 

1. Better definition of structural and, particularly, structural dy- 
namic loads during construction and assembly 

2. The interaction of these loads with the attitude stabilization con- 
trol system, and those required for stationkeeping 

3. A broader view of structural design and concepts beyond those en- 
visaged for the immediate development program 

4. More experimental verification of some of the assembly concepts, pos- 
sibly including some early space-based experiments and a better definition of 
the advantages and disadvantages of automatic versus extravehicular-activity 
(EVA) assembly 

5. A better definition of material requirements, in particular the use 
of polymer versus metallic structures 

6. Further systems trade-off studies, in particular the optimization 
of the orbit-to-orbit transportation and the choice of geosynchronous 
orbit (GEO) or low Earth orbit (LEO) assembly 

7. Members of the workshop felt that it was essential to keep in mind 
that the SPS Program at the present time is in a very evolutionary phase. 
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Recognizing the need for a baseline concept at the present time in order to 
plan the future program, it is nevertheless essential to keep advanced tech* 
nology concepts going and to maintain a degree of flexibility in the program. 

Each of these topics will be covered in greater detail in the comments 
which follow. 


LOADS DURING CONSTRUCTION AND ASSEMBLY 


Loads on the structure of the construction station in orbit and on the 
partially completed elements of the SPS under construction include those due 
to gravity gradients, thermal cycling, transport system docking, and control 
thruster (or momentum device) transients. The first two of these seem to be 
receiving reasonable attention, but the latter two do not. The GBED project 
6.2.1, therefore, is well advised. It seems essential, however, that the 
‘‘dynamic modeling** referred to in that project summary not be limited to 
rigid*body dynamics. The effect of flexible-body dynamics is likely to be 
too important to ignore even in a first attempt to establish docking loads. 

The loads sustained by partially completed, but largely unsupported, 
structural elements of the SPS, still attached to the construction station, 
might be greatest when the construction station undergoes corrective thrust 
or control moment gyro (CMC) outputs for stationkeeping (in the former case) 
or attitude stabilization (in both former and latter cases). Such loads will 
be greatest when the element under construction protrudes the greatest dis- 
tance or has the greatest nonstructural mass attached to it (solar arrays, 
bus bars, etc.) and when there is the greatest outward radial motion of the 
structural and nonstructural masses (coriolis forces). Such considerations 
could determine the greatest length of beam element that could be con- 
structed, argue for delaying installation of nonstructural elements, and/ 
or limit the control forces or moments used by the construction station, 
perhaps depending on the momentary state of SPS element construction. In the 
last of these alternatives, a simple ‘‘interrupter ,** which would allow no con- 
trol force or moment application while the element under construction is 
being step-extended, could be desirable. None of these aspects may turn out 
to be limiting factors in construction but should be considered in the GBED 
Program. Analyses and perhaps dynamically scaled model tests in a vacuum 
should be performed to determine the seriousness of such transient dynamic 
stresses peculiar to the construction phase. Such might be included as an 
add-on to the proposed GBED 6.1.1 project; the maximum stresses encountered 
could well be ameliorated by the detailed treatment of the local area where 
beam caps emerge from the beambuilder. 

It is stated that structural loads are very small compared to what they 
would be on Earth and that, since construction occurs in space, the structure 
does not have to withstand launch loads. Although this is certainly true, at 
least some consideration should be given to loads that occur on very large 
structures even in the absence of gravity-gradient moments. When structures 
become of appreciable size, certain “parts*' are traveling along paths that 
are “unnatural** orbits and it requires steady-state structural loads to take 
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care of this situation. For instance, if a structure has its major dimension 
perpendicular to the orbital plane, the extremities travel along "minor 
circles" and this causes a compressive load on the structure. For a typical 
SPS, this may amount to several hundreds of pounds at the plane of symmetry 
in the orbital plane. 


CONTROLS ASPECTS 


Whatever the SPS construction satellite's control system turns out to 
be, its characteristics must be such as to be tolerant of a tremendously wide 
variation of natural modes and frequencies* The coupled behavior of the con- 
struction satellite with various lengths and masses of half-constructed SPS 
modules extended from it is, of course, one aspect. The tremendous range of 
mass and mass distribution as launch-dense construction material changes to 
orbital undense and, finally, released material is another. The change from 
largely "empty" constructi^'r satellite to just-reloaded condition is .till a 
third. Such wide variations, considering the flexible nature of the struc- 
ture being contemplated, may present a range of system dynamic parameters not 
yet encountered by controls designers. 


STRUCTURAL DESIGN AND ASSEMBLY CONCEPTS 


Under these subjects, comments from the panel fall in three categories: 
assembly concept development, structural concepts, and enabling technology. 

In general, the studies done to date are commendable in their efforts to 
truly visualize a complex assembly process. Although the range of assembly 
options has necessarily been limited, the assembl> concepts investigated seem 
to be credible. However, the assembly schemes are difficult to visualize in 
sufficient detail to engender complete confidence. The model of a construc- 
tion station displayed by Grumnan helps in this respect, but a great deal 
more work is needed. This area is probably one of the most difficult in the 
development of very large space structures in which to do meaningful research 
and development. 

It is possible that the only way to acquire the assembly data needed to 
achieve a credible assembly concept is to approach construction as a scaled- 
down but still quite large-scale experiment; this seems essential in order to 
evaluate those details of an assembly process which establish or deny its fea- 
sibility. Significant progress could be made by large-scale ground activities. 
The answers to questions such as how to unfurl solar blankets, sequencing of 
construction operations, and manned support requirements could be answered by 
a series of ground experiments, perhaps with constraints on construction, to 
eliminate "one-g cheating." It is probable that many of the so-called con- 
struction aids (manned maneuvering units, cherrypickers , etc.) being devel- 
oped for satellite servicing may require considerable modification before 
they wou“d be suitable for on-orbit construction. Very little in the way of 
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advanced thinking is going into this area. The current remote manipulator sys- 
tem (RMS) is an example of a device that was never intended for large-scale 
construction. It is believed that by applying improved tool concepts , prog- 
ress could be made much faster. For example, most construction processes 
find great utility in gigantic cranes. It is possible that a folded deploy- 
able structure could be used to provide the necessary stiffness for a space 
crane, rather than the RMS. 

The beambuilder appears to be uniquely suited to the gigantic structures 
envisioned as part of SPS. The machine is an impressive technical develop- 
ment that may be ahead of its time. It is Important for NASA to seek early 
applications and opportunities for demonstrations of this technology. It is 
possible that the speed of construction of beam machines (1 meter per minute) 
may need to be increased to be competitive with other types of construction. 

As regards structural concepts, the solar collector is proposed as a 
large open truss with latticed column members. The structural weight, 143 
kg/m^, appears to be very light, even though a relatively "conventional** con- 
struction approach has been taken. 

Two concepts appear to be proposed for the antenna structure: a tetra- 

hedral truss with a stretched membrane (General Dynamics) and a hexago- 
nal compression frame/mesh combination (Rockwell International). The truss 
configuration has received some attention in a recent study and appears Co be 
quite suitable. The compression frame/mesh needs to have further study be- 
fore it can be considered to be a good competitor. Preliminary studies at 
the NASA Langley Research Center indicate that considerable mass is required 
to stabilize the compression frame. A more effective configuration would be 
one in which a small tower with cables is used to SLobilize the frame, as is 
done in **bicycle wheel" design concepts; e.g., Grumman *s space-based radar. 

In the development of structural concepts, it would be desirable to 
develop concepts that are not peculiar to the SPS system alone. These con- 
cepts might find earlier application than SPS and provide valuable experience 
in establishing concept credibility. The bicycle wheel concept seems to have 
a number of interesting applications ranging from solar reflectors to lens an- 
tennas and probably deserves study by SPS. 

As one approach to gaining the technologies needed, the SPS team should 
be encouraged to entertain alternative types of construction (e.g., prefabri- 
cated structures) which may have fewer on-orbit construction problems. Of 
special concern is the precision with which straightness can be controlled, 
especially if demonstrations are to be performed in low orbit. 

It seems especially important that a series of joining experiments 
should be conducted in GBED under conditions which duplicate LEO or GEO as 
closely as possible. Subsequent strength tests of these joints should then 
be performed under these same space- simulated conditions* For spotwelding of 
aluminum and ultrasonic welding of composites, this should include, as a mini- 
mum, both bard vacuum and the range of ambient temperatures expected in space 
construction. 
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MATERIALS 


There appears to have been relatively little work done on the detailed 
choice of materials for SPS construction* There was a general feeling that 
composites would be desirable because of their low thermal expansion and yet 
it would appear that there are certain areas, particularly toward the center 
of the transmitting antenna, where temperatures will be higher than are toler-^ 
able with current polymer matrices* If polyimides are a solution, this should 
be dealt with explicitly, and a development program should be undertaken to 
provide hi^- temperature-capable composites* Alternatively, a construction 
utilizing composites at the outer reaches of the antenna, where temperatures 
are lower, and aluminum in the higjh- temperature areas may be a solution. 

There is also relatively little information available on the long-term expo- 
sure characteristics of composites %dien in a hard vacuum. Although applica- 
tions on some existing satellites sera to have been successful, problems of 
embrittlement and outgassing My have to be solved before polymers can be 
accepted as suitable for loaded primary structures in space* 


SYSTEMS TRADE-OFFS 


There are a variety of trade-off analyses which should be considered in 
arriving at the final operational system. Fundamental to these are choice of 
orbital parameters for SPS operation. It is possible that a study of orbital 
parameters for their effect on what is demanded from ground and spacecraft 
system configuration and performance could yield some very interesting re- 
sults. Hi^- inclination GEO orbits above about 7® or 8®, for example, could 
essentially eliminate the thermal cycling associated with eclipses but at the 
expense of increasing attitude control requirements and ground antenna com- 
plexity* Another factor is the usage of orbital slots at geosynchronous al- 
titude. The longitudinal positions which may be allowed for such satellites 
are very narrow. In addition, there may be several other applications for 
that same position in orbit. Thus, multiple usage of these orbital positions 
may be a necessity in the future. 

Principal among system trade-offs is the decision as to how much con- 
struction is to take place in geosynchronous orbit and how much in LEO. 

This decision, or more properly series of decisions, should be made with 
great care considering radiation hazards, orbital dynamics, gravity and ther- 
mal effects, and transportation costs, as a minimum. 

A particular subcase of great interest is the influence of acceleration 
during transportation from lower orbit to geosynchronous orbit. Regardless 
of how much or how little construction is done in LEO, when the effect of 
loss of revenue from the assembled SPS during transit time is introduced, it 
may be that higher accelerations than are currently envisioned may be desir- 
able* This will clearly "trade off" with propulsion choices and, through the 
loading of the structure, with structural weight and complexity. 
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Continual review of assembly, structural, materials, and controls con- 
cepts, as discussed in earlier sections, will be necessary to ensure that 
the effects of systems trade-offs are properly reflected in construction sta- 
tion and SPS design optimisation. Choices of orbital or other operational, 
overall system parameters are certain to influence both construction and 
structural choices, as well as allowable mass distributions, through changing 
criteria for attitude and stationkeeping accuracy, accelerations in orbital 
transfers, and the environment - thermal, radiation, gravitational, etc. 


LONG-TERM CONSIDERATION 


The concept of establishing, in geosynchronous orbit, a series of large 
solar power satellites should be viewed as a long-range goal at the end of 
an extended evolutionary process. This evolution must eventually involve ac- 
quiring expertise and experience in orbital operations, with multiple space- 
craft and a reasonable sise human population in low Earth orbit. The acquisi- 
tion of this type of expertise stopped with the return of the last crew from 
Skylab. Operations of the Shuttle Orbiter will again start working in this 
direction, but achieving the capability to develop an SPS requires special 
manned-space- flight experience. We almost certainly have to develop some 
small orbital station in LEO devoted to space evaluation of the new technol- 
ogies needed for the very large scale space stations and satellites* 

Such activity should probably involve the construction of a smaller 
scale version or module of the SPS. It should inclu«ie microwave transmission 
systems to transfer the power to Earth or to another spacecraft equipped with 
a receiver. The more critical environment in LEO with regard to gravity- 
gradient torques and pointing requirements (for beaming power to the ground) 
shoulo make such experimentation particular!"^ worthwhile for a LEO construc- 
tion station and conservative, in some respects, for GEO satellite design* 

The cc3t of manned space operations will encourage performing as much prelimi- 
nary research and development on Earth as is feasible within the limitations 
of the one-g environment. 

The Ground-Based Exploratory Development Program appears to be an excel- 
lent start in this direction and will serve to define near-term goals for the 
SPS Program. Pertinent to construction materials are parts of the chapter 
entitled **Space Operations Issues." The two areas related to "Automated 
Construction" and "Hardware/Material Handling and Installation" (Sections 6*1 
and 6.3; seem particularly suited for earthbound developmental work. Aspects 
of the GBED Program which emphasize the vast size of construction components, 
as discussed in Section 6*2, must be subjected to analytical and computer 
studies. 

The scope of the GBED Program should be sufficient so that its results 
will support detailed recomnendations for a demonstration spacecraft and for 
orbital experiments and other demonstrations to resolve issues not reasonably 
addressed in earthbound experiments. This is likely to include all new tech- 
nologies related to the generation and transmission of power from space to 
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the ground, and hopefully will allow design of an operational power station 
of useful size* 

Materials and structures options of low potential for SPS should also be 
identified in the GBED and a construction philosophy should evolve from it 
which will lead to designs suitable for operational stations. 

From these comnents, it is clear that a detailed planning cycle is essen- 
tial: one that defines clearly the technical questions to be answered and 

outlines how the questions we don't yet know enou^ to ask will be unveiled. 
This will almost certainly entail a comprehensive systems engineering ap- 
proach to guarantee that all such questions are answered and/or defined be- 
fore the next phase x. . development commences* 
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